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Abstract

This work presents an innovative integration of sensing and nano-scaled ﬂuidic actuation
in the combination of pH sensitive optical dye immobilization with the electro-osmotic
phenomena in polar solvents like water for ﬂow-through pH measurements.

These

ﬂow-through measurements are performed in a ﬂow-through sensing device (FTSD)
conﬁguration that is designed and fabricated at MTU.

A relatively novel and interesting material, through-wafer mesoporous silica
substrates with pore diameters of 20 -200 nm and pore depths of 500 μm are fabricated and
implemented for electro-osmotic pumping and ﬂow-through ﬂuorescence sensing for the
ﬁrst time. Performance characteristics of macroporous silicon (> 500 μm) implemented for
electro-osmotic pumping include, a very large ﬂow efﬁciency of 19.8 μL min−1 V−1 cm−2
and maximum pressure efﬁciency of 86.6 Pa/V in comparison to mesoporous silica
membranes with 2.8 μLmin−1 V−1 cm−2 ﬂow efﬁciency and a 92 Pa/V pressure efﬁciency.
The electrical current (I) of the EOP system for 60 V applied voltage utilizing macroporous
silicon membranes is 1.02 × 10−6 A with a power consumption of 61.74 × 10−6 watts.

Optical measurements on mesoporous silica are performed spectroscopically from
300 nm to 1000 nm using ellipsometry, which includes, angularly resolved transmission
and angularly resolved reﬂection measurements that extend into the infrared regime.

xvi

Refractive index (n) values for oxidized and un-oxidized mesoporous silicon sample at
1000 nm are found to be 1.36 and 1.66.

Fluorescence results and characterization conﬁrm the successful pH measurement
from ratiometric techniques. The sensitivity measured for ﬂuorescein in buffer solution is
0.51 a.u./pH compared to sensitivity of ∼ 0.2 a.u./pH in the case of ﬂuorescein in porous
silica template. Porous silica membranes are efﬁcient templates for immobilization of
optical dyes and represent a promising method to increase sensitivity for small variations
in chemical properties. The FTSD represents a device topology suitable for application to
long term monitoring of lakes and reservoirs.

Unique and important contributions from this work include fabrication of a
through-wafer mesoporous silica membrane that has been thoroughly characterized
optically using ellipsometry. Mesoporous silica membranes are tested as a porous media in
an electro-osmotic pump for generating high pressure capacities due to the nanometer pore
sizes of the porous media. Further, dye immobilized mesoporous silica membranes along
with macroporous silicon substrates are implemented for continuous pH measurements
using ﬂuorescence changes in a ﬂow-through sensing device conﬁguration. This novel
integration and demonstration is completely based on silicon and implemented for the
ﬁrst time and can lead to miniaturized ﬂow-through sensing systems based on MEMS
technologies.
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Chapter 1

Motivation And Goals

1.1

Introduction

Micro-Total Analysis Systems (μTAS) and micro-Fluidic Injection Analysis (μFIA) are
some of the prominent analytical techniques that use micro-ﬂuidic technologies to identify
and quantify various pollutants. Important challenges in the implementation include the
concentration of the sample (to increase the signal strength) and isolating the signal from
interference from other species present in the analyte. This requirement necessitates
the need for accurate, sensitive and efﬁcient detection technologies. Aspects related to
ﬁltration, separation and identiﬁcation have lead to the development of various technologies
that include magnetic, electro-kinetic and optical sensing.
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Typically sample characterization involves manually collecting samples or they are
acquired through other means of transportation for testing and analysis in the laboratory.
This process is time consuming and can be expensive.

In addition, an important

drawback with these systems includes degradation of the integrity of the sample during
transportation.

This limits the accuracy of detection and hence there is a need for

continuous ﬂow-through detection systems that provide direct and immediate information.
Micro Electro Mechanical Systems (MEMS) technologies that are based on silicon
are the current state of technologies that are increasingly implemented in areas such
as accelerometers in automobiles, optical sensors for display technologies, and energy
harvesting etc.

An important parameter, pH, is a measure of the acidity of a solution and is a
measurand commonly used in aquatic studies. The pH inﬂuences the solubility of different
materials that are carried by waters that reach lakes and reservoirs. Water that enters
lakes and rivers from irrigation, farming, construction, laboratories, drains, hospitals and
other industrial sources when untreated can carry harmful elements (iron, lead, ammonia,
mercury etc.) and hazardous wastes that can affect the aquatic life and ecosystem [1].
Hence, it is important to have devices that can quantify the amount of contaminants in a
short time. The growing need for miniaturized and portable devices to separate and detect
different species has greatly increased and created signiﬁcant interest in micro-ﬂuidics
[2]. An important component of these portable devices is a micro-pump which is used
for transferring ﬂuid across the various testing phases.
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Figure 1.1: Comparison of various micropumps with maximum ﬂow rate
(Qmax ), maximum pressure (Pmax ), and package size S p [3].[Permission in
Appendix].
In general, micropumps are categorized into reciprocating (mechanical) and
dynamic pumps (non-mechanical). The different micropumps that are fabricated using
the various micro-fabrication technologies are shown in Fig. 1.1 [3].

For reciprocating pumps, pressure is generated by a periodic compression and
expansion of a ﬂuidic volume with the aid of moving surfaces that are interior to the pump.
Some of the examples of reciprocating pumps include, electromagnetic, piezoelectric,
thermo-pneumatic, and electrostatic pumps. For applications that require highest pressures,
reciprocating are usually preferred in which the ﬂuid proﬁle is described as a pulse
like motion. In contrary to reciprocating pumps, dynamic pumps produce pressures
as a result of ﬂuid that gains momentum as it moves through the pump.

Dynamic

pumps are categorized into electro-osmotic, magnetohydrodynamic and ultrasonic pumps.
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Advantages of using these pumps include, they produce constant pulse-less ﬂow, and utilize
fewer components and can be fabricated in a much smaller scale compared to reciprocating
pumps [4].

Electro-Osmotic pumps (EOP) have evolved to play a signiﬁcant role in
applications such as micro-ﬂow injection analysis (μ-FIA), micro-channel cooling system,
volumetric nano-titrations, and micro-ﬂuidic liquid chromatography systems (μ-LC) for
ﬂuid transport at micro and nano-scale [5]. EOPs work on the principle of creating a ﬂow
in a ﬂuid by application of electric ﬁeld across a porous membrane and are highly desirable
for miniature ﬂuidic applications as they work without any mechanical parts.

1.2

1.2.1

Flow-Through Sensing Technologies

Background

Optical ﬁber pH sensors have been used quite extensively in the past many years for
sensing applications. These sensors have merits associated with electromagnetic immunity,
smaller size, and good mechanical ﬂexibility. These sensors can also be implemented for
non-invasive processes due to the fact that they do not have electrical contacts at the sensing
element [6]. Some drawbacks including the fact that during the implementation, optical
ﬁbers come in contact with sample (analyte) under study and break thereby reducing their
4

lifetime. The interaction between the optical ﬁeld of the ﬁber with the environment of the
analyte gives out useful information used for analysis [7].

FIA systems were ﬁrst introduced by Ruzicka in 1975. Flow based systems have
merits compared to other instrumentation analysis as liquid samples under investigation
are injected into moving columns of carrier stream of liquid as they pass to the
detector [8]. Flow based electrochemical detection is categorized into the following
types, a) amperometric detection, b) potentiometric detection, c) optical detection, d)
atomic absorption spectroscopy, e) ﬂuorescence, and f) chemiluminescence. Various
methodologies and techniques that are commonly implemented to realize optical sensing
are presented in following sections.

For FIA applications, a controlled pumping with a precise ﬂow rate is very
important for ﬁxed volume sampling. Peristaltic pumps with few or no moving parts are
commonly found in FIA systems for ﬂuid transfer in various transport and testing stages.
EOPs that utilize porous boric glass core and porous sintered glass frit were reported by
Gan et al., and Yao et al. These pumps have demonstrated ﬁgures of merit of 0.9 - 30
μL/min/V/cm2 ﬂow rates per unit applied voltage and unit area with pressure per unit
voltage performances of 304 - 1013 Pa/V [9], [10]. Porous silicon membranes are
desirable for the EOP applications compared to others due to compatibility with current
micro processing technologies that are based on silicon [11].
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1.2.2

Detection of Lead: Flow Injection System

Various chemical sensors are explored by Zusman et al. by trapping different reagents
in a porous glass network.

A distinctive color change is observed as the sample

under study (metal cation, inorganic anion, and protons etc.) interacts with the trapped
or immobilized reagent.

In their study, they detected Lead by using immobilized

reagent Gallocynine (7-dimethylamino-4-hydroxy-3-oxo-phenoxazine-1-carboxylic acid)
in a sol-gel glass matrix with a color change from blue to violet in a 30 min reaction period
[12].

Similarly, Yusof et al. have detected trace levels of Lead using a ﬂow injection
system where Gallocynine was immobilized on a copolymer as a supporting base in an
optical ﬁber which is then incorporated in a ﬂow injection system. As can be seen in
the Fig. 1.2 (a), the probe loaded with XAD 7 bead is inserted in the ﬂow cell. Sample
solution with Lead is introduced through the injection port that is connected to a peristaltic
pump. During the detection phase, light from the halogen lamp interacts with the column
of solution in the ﬂow cell and is reﬂected back to the benchtop spectrometer through the
optical ﬁbre for detection.

The interaction between the Lead solution and Gallocynine results in the formation
of a complex of Pb (II)-Gallocynine with a change in color from dark blue to violet. This
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(a)

(b)

Figure 1.2: (a) ﬂow injection analytical system utilized for the detection of
Lead, and (b) plot of reﬂectance intensity of Gallocynine that is immobilized
on XAD 7 polymer, where a) denotes before the reaction and b) after the
interaction with 0.2M Pb (II) [13].[Permission in Appendix].
color change causes an increase in the reﬂectance as shown in Fig. 1.2 (b) that is used for
detection. The peak reﬂectance intensity was observed at 800 nm and hence is considered
for more measurements [13].

1.2.3

Fluorescent Dye Detection Technique With VCSEL

Fluorescence detection technology offers high sensitivity and speciﬁcity compared to other
methods. To realize portable and miniaturized analysis and sensing systems, various
sensing and ﬂuidic components need to be fabricated on the same substrate minimizing
the different integration processes

[14].

This can be achieved by using the well

established semiconductor processing techniques. Thrush et al., have demonstrated the
implementation of VCSELs (vertical-cavity surface-emitting lasers), optical ﬁlters, and
PIN (P-type-Intrinsic-N-type) photo detectors utilizing a single substrate for ﬂuorescent
7

dye detection technique. In the Fig. 1.3 (a), the intermediate optics is designed for directing
the laser beam to the sample, collecting and directing the sensing ﬂuorescence signal to the
detector. Another possible conﬁguration, the proximity mode allows the laser beam to
interact with the sample directly. The ﬂuorescence signal is collected directly by the photo
detector that surrounds the laser source.

(a)

(b)

(c)

(d)

Figure 1.3: Fluorescent dye detection technique with VCSEL, (a) aimaging, b- proximity, c- waveguide, and d- light guide, (b) integrated
device with laser, detector and optical ﬁlter, (c) integrated conﬁguration
of photo detector (on GaAs substrate) surrounding the VSCEL, and (d)
theoretical ﬁltering behavior of the DBR (Distributed Bragg Reﬂector)
which is reﬂective for lasing and transparent during emission. Also shown
in the ﬁgure is the Li-Cor dye IR-800 spectra for excitation and emission
[14].[Permission in Appendix].

8

The waveguide conﬁguration involves coupling the laser light into the waveguide
using gratings, where part of electromagnetic ﬁeld associated with the laser beam in the
waveguide excites the sample. The emitted ﬂuorescence signal is again captured by the
waveguide and is directed towards the detector. The advantageous aspect of the above
design is its compact integrated design. The laser that is employed as the excitation source
could provide an energetic source to retrieve a strong signal from the sample. This process
has drawback with sampling as new samples need to be manually loaded every time and
this could be inefﬁcient and time consuming. Light Guide is another conﬁguration that
utilizes a glass or a transparent block that couples light between the detector and sample
under study. Figure 1.3 (b) shows the integrated device comprising a laser, detector and
an optical ﬁlter on a single GaAs substrate. Figure 1.3 (c) shows the SEM image of the
integrated conﬁguration of photo detector (on GaAs substrate) surrounding the VSCEL.
Also seen in the image are the interconnects to the VCSEL and the photo-detector. Figure
1.3 (d) shows the theoretical ﬁltering behavior of the DBR (Distributed Bragg Reﬂector)
which is reﬂective for lasing and transparent during emission.

1.3

Fluorescence Spectroscopy

Fluorescence assays comprise of chemical compounds called ﬂuorophores which are made
of aromatic groups, plane or cyclic molecules that can be introduced into or are intrinsic
to the sample under study. Fluorophores absorb light in a speciﬁc wavelength and after
9

excitation re-emit light of higher wavelength known as the ﬂuorescence. The absorption
spectra of a ﬂuorophore as shown in the above Fig. 1.4, has an excitation peak at λ ex and
an emission peak at λ em [15].

Figure 1.4: Fluorescence intensity spectra with excitation and emission
peak [15].[Permission in Appendix].

For the implementation of ﬂuorescence phenomenon for detection,

the

immobilization of bio-molecules on a solid substrate and their localization in small regions
are important requirements. Porous silicon is an ideal candidate for sensing applications
because it has a large speciﬁc surface area (∼ 200 - 500 m2 cm−3 ), is bio-compatible,
and has promising electrical, optical and mechanical properties. More information about
porous silicon and its fabrication is presented in Appendix A.
10

1.4

Dye Immobilization- Porous Silicon Template

A detailed overview of using glucose sensing proteins that are immobilized onto porous
silicon templates for blood glucose level measurements is reported by Staiano et al.
[16]. Electron irradiation of porous silicon is done in the SEM after the addition of
protein solution. After rinsing in de-ionized water, the speciﬁc binding of proteins to the
porous silicon after irradiation was observed as shown in the Fig. 1.5 (a) and through the
ﬂuorescence spectra in Fig. 1.5 (b). The ﬂuorescence spectra were obtained before and
after irradiation with the addition of Rhodamine-labeled glutamine-binding protein solution
[16]. The binding of the protein occurred as the surface of the porous silicon region was
modiﬁed.

1.4.1

Immobilization of Dye on Capillary Based Sensors

In the case of capillary based sensors as reported by Weigl et al. [17], the sensing materials
are immobilized inside capillary channels (made of glass or plastic) by pumping or drawing
solution through the capillary tubes using a peristaltic pump. As the sample solution is
drawn through the capillary tubes and is then dried, the dye gets deposited on the inner
surface of the channel. Figure 1.6 (a) shows the cross-section of a typical capillary channel
and Fig. 1.6 (b) shows the cross-section of a capillary channel with a sensor layer.
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(a)

(b)

Figure 1.5: (a) optical micrograph of protein patterns formed on the porous
silicon surface by electron beam irradiation at different conditions before
and after exposure to Glutamine-binding proteins at various conditions, and
(b) ﬂuorescent spectra obtained from two regions of the same porous silicon
before and after irradiation and exposure to the glutamine binding protein
[16].[Permission in Appendix].

(a)

(b)

Figure 1.6: (a) cross-section through typical capillary sensor, and (b) one
coating is deposited on the inner wall of the capillary and the resulting
sensor is used mainly for analyzing gaseous samples [17].[Permission in
Appendix].
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1.5

pH Sensor Based on pH Sensitive Fluorescent Dye

An optical pH sensor based on micro-structured polymer optical ﬁber (MPOF) is
considered by Yang et al. In their work, the inner walls of the capillaries is coated with
a pH sensing ﬁlm (eosin as the pH indicator and cellulose acetate as the carrier). This
sensor was obtained by drawing the eosin-cellulose acetate solution through the capillaries
in the MPOF and then withdrawing the solution (acetic acid) [6]. Figure 1.7 (a) shows
the cross-sectional SEM image of the MPOF. Figure 1.7 (b) shows the cellulose acetate
modiﬁed (top half of the image) and the unmodiﬁed (below half of the image). Figure 1.7
(c) shows the cellulose acetate ﬁlm in the MPOF at an angle. Figure 1.7 (d) shows a
magniﬁed SEM image of the sensing ﬁlm on top of the polymer surface of MPOF.

In order to test the sensitivity of the sensor, buffer solutions consisting of KCl
(potassium chloride), HCl (hydrochloric acid) and other phosphate buffers are considered.
The sensor is positioned in these solutions for testing and a laser diode is used as the
excitation source. The experimental setup of the system is shown in the Fig. 1.7 (e) with
the MPOF orthogonal to the laser beam. The ﬂuorescence signal from the MPOF is coupled
through the detector ﬁber to the spectroscope. The measurements are conducted in the 540
- 650 nm range as different pH solutions are introduced and is shown Fig. 1.7 (f). For
the pH range 2.4 - 4.5 for these wavelengths, the ﬂuorescence intensity increased with an
increase in pH.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 1.7: SEM images of MPOF, (a) cross-sectional image of MPOF,
(b) cellulose acetate modiﬁed (above) and unmodiﬁed (below) ﬁlm, (c)
cellulose acetate layer at an angle, (d) sensing ﬁlm on PMMA, (e)
experimental setup with MPOF, and (f) ﬂuorescence response of MPOF
sensor to various pH solutions at different wavelengths [6].[Permission in
Appendix].
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1.6

Flow-Through Sensing System Requirements

It is evident that there is a deﬁnite need for a technology that is simple, efﬁcient, and
portable and that can provide an output signal that is reliable for a thorough and continuous
measurement of an analyte under study. In particular, monitoring the quality of waters in
lakes and reservoirs has a immediate need and knowledge of pH is required. In addition, it
is desirable that the new technology can be scalable and be integrated with current state of
art of miniaturization that is based on MEMS technology which primarily uses silicon as a
base material. This miniaturization of the sensing device will make it portable and reduce
the time involved in implementation at a short notice and will help sample the area under
study at multiple locations without incurring additional costs. Hence, there a need for a
new pH sensing method that is completely based on silicon.

From the literature review, the fundamental requirements for realizing a complete
ﬂow-through system for a thorough measurement includes;

1. A simple pump that can provide reasonable ﬂow rates and pressure capacities and
do not have any moving parts. Micro pumps are a critical components of micro
total analytical systems (μTAS), micro-ﬂuidic systems, lab-on-a-chip and other
miniaturized detection systems. EOPs have been demonstrated for high pressures
and ﬂow rates without any moving parts.
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2. A pump media that can be integrated into devices or systems that are based on MEMS
technology. MEMS based technologies are highly desirable due to the wealth of
information available for silicon which is the base material for microelectronics and
micro-fabrication.
3. A pump media that could be produced in batch process and is reproducible with
similar pore morphology.
4. A pump media that can be tailored to obtain a wide range of pressure capacities (10s
- 100s of kPa) and ﬂow rates (μl to mL) with the application of 10 - 100 volts.
5. A template for effectively immobilizing the sensing materials.
6. A template that is inert to common solvents like water and is bio-compatible for
applications related drug delivery in medical ﬁelds.
7. A good understanding of the fabrication and material properties of the template
material. The optical and mechanical properties are one of the important properties
of the template material needed for the device implementation.
8. A sensing mechanism that can provide high sensitivity with reasonable selectivity.
Fluorescence sensing using immobilized ﬂuorophores offer high sensitivity and will
be studied further in this work.
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1.7

Motivation

Since the early discovery of porous of silicon by Arthur Uhlir Jr. and Ingehorg Uhlir [18]
in 1956 at Bell labs and some other initial studies by Turner [19], there has not been any
signiﬁcant interest in porous silicon until Leigh Canham predicted and demonstrated the
luminescent properties of porous silicon which is attributed to the quantum conﬁnement of
the charges [20]. Some of the noted applications of porous silicon that were demonstrated
include, device isolation in microelectronics by Nippon Telegraph and Telephone Public
Corporation [21] and Sony Corporation [22], electroluminescent devices [23], biosensors
[24], humidity sensors [25], [26], gas sensors [25], [27], waveguides [28], bioactive
impants [29], capacitors [30], micromachining [31], and photovoltaics [20].

Figure 1.8 shows the FE-SEM images of the top-view and cross-sectional proﬁle
of macroporous silicon fabricated at MTU. Porous silicon is fabricated using various
micro-fabrication processes along with electrochemical anodization of silicon. The pore
size and pore density is controllable by choosing appropriate silicon substrate resistivities
and anodization conditions. The pores are highly vertical, uniform with high aspect ratio
(ratio of pore length over pore diameter ∼ 250), with a large surface to volume ratio and
large ﬂexible pumping area [11]. Macroporous silicon is a promising material as a pump
media for EOP pump and was successfully demonstrated for a maximum pressure capacity
(5.2 kPa) and a high ﬂow rate (11.9 μl min−1 mm−2 ) at 60 volts by Zheng et al. in 2006
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[11]. Implementation of this kind of EOP for a ﬂow-through detection is highly desirable
and hence will be pursued with different porous membranes and dye immobilized porous
silica templates.

(a)

(b)

(c)

Figure 1.8: (a) top-view FE-SEM image of macroporous silicon,
(b) cross-sectional FE-SEM image of macroporous silicon, and (c)
cross-sectional FE-SEM image of macroporous silicon at very low
magniﬁcation.

Earlier, Zeng et al. [32], have demonstrated an EOP fabricated utilizing polymer
frits packed with non-porous polymer frits as shown in Fig. 1.9 (a). As outlined in their
work, some challenges include fabrication of frits that can handle the EOF (electro-osmotic
ﬂow) cycles. Secondary issues include the packaging of dense smaller particles (forming
a porous network) in the pumping chamber [32]. Also the size of the particles need to
be within a particular distribution such that they do not block the pressure driven ﬂow. In
addition, porous media fabricated from these frits are not compatible with standard silicon
processing and results in tortuous porous proﬁle with limited surface to volume ratio and
limited pumping area.

Yao et al., have fabricated EOP from sintered-glass as shown in Fig. 1.9 (b) with
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(a)

(b)

(c)

(d)

Figure 1.9: SEM images of, (a) porous polymer frit [32], (b) porous glass
frit [33], (c) macroporous silicon fabricated at MTU using electrochemical
anodization [11], and (d) macroporous silicon fabricated at MTU using a
metal mask.[Permission in Appendix].
ﬂow rates of 33 ml/min and pressure capacities of 1.3 atm at applied voltage of 100 volts.
The porous structure in their design includes chemically treated ultra-ﬁne glass frit (ﬁlter).
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Inconsistencies in the reported values for ﬂow rates and pressure capacities is attributed
to the random geometries of the pores in the glass frit structure, deviation from the ideal
cylindrical porous structure [33].

Figure 1.10:
EOP based on DRIE fabricated porous media
[34].[Permission in Appendix].

Laser et al., has made some progress on implementation on EOP from silicon
substrates for cooling integrated circuits. Their approach has potential for integration of the
EOP with CMOS (Complementary Metal Oxide Semiconductor) compatible processes for
integrated circuits. The pumping area is deﬁned by deep slots on silicon that is fabricated
using DRIE (deep reactive ion etching) techniques as shown in Fig. 1.10 [34]. The process
leads to pores with sidewall proﬁles that suffer from scalloping.
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Another class of material known as mesoporous silicon is explored in this study.
Unmasked boron doped p-type (100) silicon substrates with resistivity of 0.001 - 0.002
Ω-cm and substrate thickness of 525 ± 25 μm are considered as they produce much smaller
pores. After anodization, the through-wafer mesoporous silion samples were thermally
oxidized at 950 ◦ C to grow a 10 - 15 nm oxide layer on the sidewalls. As the sidewalls
of the pores are in the range of 5 - 10 nm, complete oxidation of the membrane occurs
as silicon is fully consumed producing a full wafer thickness porous silica membrane
that is optically transparent over a wide range of wavelengths (from UV to near IR). The
interesting aspect of the mesoporous silica substrate as shown in Fig. 1.11 pertains to the
fact that it is translucent to the human eye and is porous. Details of the fabrication and
characterization of mesoporous silicon/silica membranes is outlined in Chapter 3.

Even though silicon with its indirect band-gap has not been traditionally considered
a material of choice for luminescent applications, fabrication of a translucent porous silica
membrane from silicon can lead to many interesting applications including optical and
particle ﬁlters. In order to understand the material properties of mesoporous silica, optical
properties of porous silica material are spectroscopically characterized from 300 nm - 1000
nm using ellispsometric techniques. Normal transmittance through the membrane was
measured and found to be attenuated signiﬁcantly up to wavelengths of ∼ 900 nm but
approached the transmittance of bulk silicon for the near infrared and beyond ∼900 nm 1500 nm. Angularly resolved transmission and reﬂection study is performed extending into
the infrared regime [35].
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(a)

(b)

Figure 1.11: (a) optical photograph of mesoporous silicon membrane
(un-oxidized sample) with chip dimensions of 1.5 cm × 1.5 cm, (b) optical
photograph of a mesoporous silica membrane (oxidized sample) 1.5 cm ×
1.5 cm [35].[Permission in Appendix].
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Mesoporous silica with unique optical properties and high surface area is a
potential material for immobilization of host of materials including ﬂuorescent dyes. It
is important to have a knowledge of the optical properties of mesoporous silica due
to fact that ﬂuorescent and optical dyes will be immobilized on it.

Hence, angular

transmission, angular reﬂection and optical constants including, refractive index and
extinction coefﬁcients are studied and are presented in Chapter 3. Experiments related
to dye immobilization of mesoporous silica template are outlined in Chapter 4.

In summary, from the above discussed technologies and also from the literature
review presented earlier, it is possible to integrate a EOP pump that is based on
macroporous silicon and mesoporous silica with dye immobilization for a complete
ﬂow-through sensing system with details outlined in the later chapters.

1.8

Research Statement

With the increase in demand for miniaturized ﬂow-through sensing systems, there is a
high motivation for using silicon technology due to its well established knowledge base.
Continuous sampling of analytes without supervision is important in realizing efﬁcient
analysis and detection. From literature review, technologies ranging from optical ﬁbers that
have dye at the tip and to capillary sensors suffer either from feasibility of implementation
or due to the lack of integrity of the detected signal. Porous silicon has been of signiﬁcant
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interest because of its unique optical, mechanical, and electrical properties and has been
implemented successfully in optical sensing. Key optical parameters that are used for
sensing include refractive index change, ﬂuorescence spectra, and change in reﬂectivity.
Colored dyes have been immobilized onto a porous silicon template to measure the
change in pH of the analyte under test. Flow-though optical sensing is a promising
technique for achieving reliable and reproducible results with continuous monitoring.
The current ﬂow-through sensors have a drawback in terms of pumping the ﬂuid and
its implementation. In general, the pumps used for ﬂow-through sensing are peristaltic
with moving parts. Also, they have less control on the ﬂow rate and this limits the
implementation of the sensor. Electro-Osmotic pumps which are based on the principle
of ﬂuid ﬂow by the application of electric ﬁeld do not have any moving parts and the
ﬂow rates can be controlled accurately by the application of electric ﬁeld. The ﬂow rates
achieved using EOPs are highly precise in the nano and micro range, which is a requirement
in many biological and chemical applications. Implementation of the EOP device with the
optical properties of porous silicon can lead to devices that can have high sensitivity and
are efﬁcient. The integration of Electro-Osmotic phenomenon with the optical properties of
porous silicon enables a complete ﬂow-through detection system for biological, chemical,
and environmental monitoring applications.
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1.9

Proposed Flow-Through Sensing Device (FTSD)

Figure 1.12 shows the schematic of the proposed FTSD that is designed and fabricated
at MTU. A meso-scale electro-osmotic pump has been fabricated using plexiglass for the
FTSD conﬁguration that is designed for pH sensing of fresh waters using indicator dyes
that are immobilized on porous silica templates. The fabricated FTSD conﬁguration is a
modiﬁcation of the earlier demonstrated porous silicon based EOP device. The pumping
area for this conﬁguration is 0.07 cm2 which is accounted by measuring the porous area.
As shown in Fig. 1.12, there is an additional port on the FTSD to load the sample and reﬁll
the reservoir. The exterior walls of the ﬁxture are mirror polished to reduce scattering of
the signal during detection. The dye coated mesoporous silica sample is held in a slot that
is machined on a thin slab of plexiglass.

During the pump operation, an external voltage is applied to the two spiral Pt
(platinum) electrodes, the liquid (buffer solution) is pushed from the larger reservoir to
the smaller through the porous silicon membrane and then to the capillary exit. The
buffer solution interacts with the porous silica chip with immobilized dyes and leads to
different ﬂuorescence signals as the pH of the solution is changed. During the sensing
phase, the incident light (excitation source) from the lamp source (400 - 600 nm) of the
ﬂuorometer passes through the ﬁxture walls and is directed towards the dye coated porous
silica membrane. The emitted ﬂuorescent signal captured by the detector and subsequent
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measurements are taken. Details of the implementation will be discussed in Chapter 4. The
proposed design is a simple but efﬁcient conﬁguration that utilizes macroporous silicon as
a pump media to maximize the ﬂow rate and mesoporous silica templates with really high
surface area for increased dye immobilization leading to higher ﬂuorescence intensities
during ﬂuorescence detection.

1.10

Goals

The entire project is divided into several tasks as listed below. Successful completion of
the goals below will lead to a complete ﬂow-through sensing device for pH measurements
of waters.
Task 1: Fabricate macroporous silicon membranes with through-wafer pores of diameters
3 μm and depths > 500 μm in a circle of 3.5 mm diameter for the pump media using
boron doped p-type (100) substrates with resistivity of 17 - 23 Ω-cm. Details outlined in
Appendix A.
Task 2: Fabricate through-wafer (> 500 μm) mesoporous silica membranes with pore size
in the 10 - 200 nm range from p-type (100) silicon substrates with resistivity of 0.001 0.002 Ω-cm. Details outlined in Chapter 2.
Task 3: Test both macroporous silicon and mesoporous silica membranes as a pump media
for an electro-osmotic pump for high ﬂow rates and pressure capacities. Details outlined in
Chapter 2.
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Figure 1.12: Schematic of the ﬂow-through sensing device (FTSD) used in
the current study.
Task 4: Perform a thorough optical characterization on mesoporous silica membranes using
ellipsometric techniques. Details outlined in Chapter 3.
Task 5: Test the feasibility of immobilizing optical dyes (ﬂuorescein) on mesoporous silica
membranes for ﬂuorescence measurements. Details outlined in Chapter 4.
Task 6: Test and characterize the ﬂow-through sensing device by implementing the various
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technologies and materials outlined in Task 1 - Task 5.

1.11

Organization of the Dissertation

Chapter 1: Motivation And Goals: This chapter presents a review of the latest techniques
that are used for detection and analysis that is based of ﬂow-through sensing systems. In
particular, optical sensing that is based on ﬂow-through detection is outlined. Based on the
literature review and results from current and previous study, a research statement for the
dissertation is proposed.

Chapter 2: Implementation of Porous Silicon Membranes For EOP: Through-wafer
mesoporous silicon membranes are fabricated with near vertical and uniform pores with
pore diameters of 20 - 200 nm and pore depths of 500 μm by anodizing silicon substrates
with resistivity of 0.001 - 0.002 Ω-cm. Results pertaining to the implementation of
macroporous silicon and mesoporous silica membranes for an electro-osmotic pump are
presented. Maximum pressure capacities and ﬂow rates of EOP utilizing macroporous
silicon and mesoporous silica are measured.

Chapter 3: Optical Properties of Mesoporous Silicon/Silica: Optical properties
of porous silicon (mesoporous silicon/mesoporou silica) are measured using ellipsometric
techniques which include transmission spectra, reﬂection spectra, angular resolved
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transmission spectra, angular resolved reﬂection spectra and the refractive indices. A
relatively novel and interesting material, translucent mesoporous silica substrates are
formed by the complete oxidation of mesoporous silicon substrates.

Chapter 4: Flow-Through Sensing Using Fluorescence Sensing: Based on the
research statement, a novel experiment and design for the integration of EOP with the
optical properties of mesoporous silica/silicon is presented. Optical dyes are immobilized
on porous silica templates for ﬂow-through optical sensing. Fluorescence results from the
immobilization of various dyes on porous silica for optical detection are listed. Hypothesis
related to the pH measurement of water using the data from ﬂuorescence spectroscopic
measurements is presented. A brief summary of challenges that need to be addressed for
a complete characterization of the ﬂow through detection is outlined. A ﬂow-through
sensing device (FTSD) is designed and is successfully tested. Fluorescence results and
characterization conﬁrm the successful pH measurement from ratiometric techniques.

Chapter 5: Conclusions and Future Work: This chapter summarizes the the ﬁndings
and results from this dissertation work. Future work that can be pursued from the results
and knowledge gained from this work will be discussed.

Appendix:

Porous Silicon Fabrication:

This chapter outlines the methodology,

processing techniques, and results implemented in the fabrication of porous silicon.
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Various micro-fabrication technologies that include, UV-photolithography, RF-sputtered
thin ﬁlm deposition, thermal annealing, wet etch processing, RIE etch with different
gasses, and electrochemical anodization of silicon are presented. Macroporous silicon
membranes with a regular array of through-wafer pores (> 500 μm) in a 3.5 mm circle
utilizing arrays of inverted pyramidal pits is fabricated for the pump media from boron
doped p-type (100) silicon substrates with resistivities of 10 - 20 Ω-cm and 20 - 30
Ω-cm. Porous silicon that is fabricated using a metal mask has a better pore proﬁle when
compared to a dielectric mask.
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Chapter 2

Implementation of Porous Silicon
Membranes For Electro-Osmotic Pumps

2.1

Introduction

Electro-Osmotic pumps that utilized porous boric glass core and porous sintered glass frit
were reported by Gan, et al. and Yao, et al. [36], [37]. These pumps have demonstrated
ﬁgures of merit of 0.9-30 μL/min/V/cm2 ﬂow rates per unit applied voltage and unit area
in addition to pressure per unit voltage performances of 304 - 1013 Pa/V. Current EOPs
suffer from low ﬂow rates or low pressure capacities due to larger pore diameters and thin
membranes [38]. In general, for speciﬁc application, there could be a compromise between
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the ﬂow rate and pressure generated by the EOPs. Electro-Osmotic ﬂow (EOF) in micro and
nano channels are greatly affected by the dimensions of the capillary. Fluid interaction with
the capillary walls becomes more pronounced and signiﬁcant as the capillary diameters
becomes micro and nanoscale. Porous silicon membrane consisting of densely packed
parallel channels is used as the pumping media for the pump in this work. With decreasing
pore size to nano-scale, it is expected that this pumping media will produce reasonable ﬂow
rates and high pressures capacities.

The ﬂow rates and pressure capacities obtained using porous silicon for EOP
applications depends on the pore conﬁguration that includes, pore diameter, pore depths
and pore uniformity. Since the earlier demonstrated work by Zheng et al., [11] on porous
silicon membranes for pore sizes of ∼ 3 μm and depths of 500 μm, there is a strong
motivation to pursue and implement porous silicon with pore sizes in the order of 100’s of
nanometers (nanoporous and mesoporous) for EOP applications. As the pore size becomes
smaller, the pressure capacities obtained will be much greater and applications related to
drug delivery in medical ﬁelds require such high pressures.

2.1.1

Electro-Osmotic Pump Theory

EOPs work on the phenomenon of ﬂuid motion caused by the application of electric ﬁeld
on the ions that are bound to the sidewall of the capillary channels. The working ﬂuid
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needs to be a polar solvent having a pH value greater than 4 which is required for the
formation of surface charge on the side walls of the pores [39]. The thin layer of SiO2
on the pore walls when in contact with a ﬂuid of above speciﬁcations achieves a negative
surface charge due to the removal of H+ ions of the acidic silanol groups and hence results
in an electrical double layer [EDL] [39]. With the application of external electric ﬁeld,
the ions in the EDL will experience a coulombic force, thereby moving in the direction of
applied ﬁeld and dragging the bulk ﬂuid along. This resultant ﬂow is called electro-osmotic
ﬂow (EOF) [39], [40]. Figure 2.1 shows EDL thickness in context of macroporous silicon
and mesoporous silicon.

The ﬂow rate of the ﬂuid in the capillary channels becomes signiﬁcant as the
dimensions of the EDL becomes closer to order of the capillary channel size. Considering a
single pore channel, the EOF for the porous membrane using Debye-Huckel approximation
for zero back pressure is deﬁned by equation Eq.(2.1) [41].




2I1 (a λD )
pAεζV

1− 
Q=− 2
τ ηL
(a λD )Io (a λD )

(2.1)

In the Eq.(2.1), ζ is the zeta potential, p is porosity, τ is the tortuosity, L is the length
of the channel, A is the cross-sectional area, ε is the dielectric constant of the ﬂuid, V is the
potential applied, η is the viscosity, λD is the EDL thickness known as the Debye shielding
length given by the Eq.(2.2), a is the average pore radius, and I0 , I1 are the zero-order and
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(a)

(b)

Figure 2.1: (a) EDL pore channel conﬁguration in the case of a
macroporous silicon, EDL is much smaller than the pore diameter and, (b)
EDL pore channel conﬁguration in the case of a mesoporous silicon, EDL
is much larger than the pore diameter.
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ﬁrst-order modiﬁed Bessel functions of the ﬁrst kind, respectively. A good review for the
ﬂow pattern is presented in literature and won’t be reviewed in detail here [39].
⎤1/2

⎡
⎢
λD = ⎣

εkT
⎥
⎦
2
e ∑ Zi n∞,i

(2.2)

i=1

In the Eq.(2.2), k is the Boltzmann constant; T is temperature of the working ﬂuid;
and e is the charge of an electron.

The maximum pressure generated across the pores is obtained from Eq.(2.3) [41].




2I1 (a λD )
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(2.3)

In the case where the radius of the pore is much larger (>20 nm) than the thickness
of EDL, the following approximation is considered [42].





2I1 (a λD )

1− 
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(a λD )Io (a λD )

(2.4)

For speciﬁc applications, high pressure values are required and pressures generated
from the EOP demonstrated by Zheng et al. are relatively low (5.2 kPa at 60 V) due to the
large 3 μm pore size of the porous media. As pressure obtained from the porous media
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is inversely proportional to the square of the pore radius as shown in equation Eq.(2.3), it
is expected that porous silicon with pore diameters ∼ 100 nm should produce really high
pressure values.

If the radius of pore is smaller than or equal to the EDL thickness, the part
containing Bessel function in Eq.(2.1) and Eq.(2.3) can be approximated to as given by
[42].





2I1 (a λD )
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(2.5)

Based on the above approximation, the pressure generated will be inversely
proportional to the square of the EDL thickness and hence will result in a very high
pressure. However, the Debye-Huckel approximation is not very accurate for the case
when the EDL of the channel overlaps [43]. Based on the ratio of pore diameter to the
EDL thickness, the pump efﬁciency would vary. It has been estimated that for DI water,
the EDL thickness is 100 nm [44]. From the Eq.(2.1) and Eq.(2.3), it can be seen that
for high ﬂow rates, the radius of the pore channel should be large. On the contrary, high
pressure can be generated if the pores have smaller radius.

Figure 2.2, Fig. 2.3 (a), and Fig. 2.3 (b) show the ﬂow proﬁle in different ﬂow
conditions for the EOP. In the presence of a hydrodynamic load, a frustrated ﬂow proﬁle
is observed as shown in Fig. 2.2 due to any back pressure present that opposes the
electro-osmotic ﬂow. Due to this frustrated ﬂow condition, in extreme cases, the ﬂow
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in the pore column can change and ﬂow in an opposite direction [40]. In the case when
there is no frictional load present on the pore column, the ﬂow proﬁle has the pattern as
shown in Fig. 2.3 (a), the electro-osmotic ﬂow. Fig. 2.3 (b) shows the pressure driven ﬂow
pattern.

Figure 2.2: Schematic of EOP frustrated ﬂow proﬁle [40].

(a)

(b)

Figure 2.3: (a) schematic of EOP ﬂow proﬁle and, (b) schematic of EOP
pressure driven ﬂow [40].

An important parameter, the zeta potential is deﬁned as the potential that is present
between the surface pore wall of the porous membrane and the mobile layer of oppositely
charged ions that isolate the charges present on the surface of the pore wall from the bulk
liquid [42]. It is measured from the pore center to the pore wall with charged species.
Zeta potential has an impact on the pressure and ﬂow rates as it determines the thickness
of EDL. Zeta potential also gives information regarding the stability of the ﬂow in the pore
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channel. The zeta potential cannot be measured but can be extracted from the experimental
values of ﬂow rates and pressure. An illustration of Zeta potential is shown in Fig. 2.4 [45].

Figure 2.4: Illustration of zeta potential formed due to the charge
distribution [45].[Permission in Appendix].

2.2

Experimental Methods

The experiments for the fabrication of mesoporous silicon utilized unmasked boron doped
p-type (100) silicon substrates with resistivity of 0.001 - 0.002 Ω-cm and substrate
thickness of 525 ± 25μm. Electrolyte solutions considered include, aqueous electrolyte
(E1) consisting of 10−3 M cetyltrimethylammonium chloride (CTAC) with HF (49%),
ethanol, and deionized (DI) water at a volume ratio of 1:2:3 and electrolyte (E2) consisting

38

of 10−3 M CTAC with HF (49% ), ethanol, and DI water at a volume ratio of 1:1:1.
Current densities of 5, 10 and 20 mA/cm2 are applied for the electrochemical anodization.
The substrates are treated with buffered HF solution to remove any native oxide to allow
ohmic contact between electrode and the silicon substrate for anodization. Through-wafer
mesoporous silicon membranes are fabricated by utilizing sacriﬁcial silicon substrates
[11]. In addition, boron doped p-type (100) silicon substrates with resistivity of 10 - 20
Ω-cm with substrate thickness of 525 ± 25μm are electochemically anodized in electrolyte
(E1) to form macroporous silicon substrates that are utilized for EOP pumping.

For the EOP test, macroporous silicon, mesoporous silicon, and mesoporous silica
membranes are used for the ﬂow rate and pressure measurements. Mesoporous silicon
samples are thermally oxidized at 950 ◦ C to form mesoporous silica membranes. DI water
with 17 MΩ resistance is used as the working ﬂuid. Spiral platinum electrodes are used
for both anode and cathode and are positioned on either side of the porous media. Flow
rate and maximum pressure experiments were performed using testing methods outlined
by Zheng et al., in 2006 [11].
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2.3

2.3.1

Results

Mesoporous Silicon Pore Characterization

Figure 2.5 (a)-(c), (e)-(g) shows the FE-SEM top-view and cross-sectional images of
the mesoporous silicon samples at applied current densities of 5mA/cm2 , 10mA/cm2 ,
and 20 mA/cm2 for 1:2:3 electrolyte. Figure 2.5 (d) and (h) show the FE-SEM images
of mesoporous silicon samples for 1:1:1 electrolyte at 10mA/cm2 . Table 2.1 lists the
experimental conditions and the etch rate and pore size obtained for the samples used at
different applied current densities.
Table 2.1
Experimental conditions and the etch parameters for mesoporous silicon
fabricaton.
Electrolyte (E)
Current Density [mA/cm2 ]
Etch Rate [μm]
Pore Size [nm]

E1
5
0.12
20

E1
10
0.23
40

E1
E2
20
10
0.4 0.28
200 20

It can be seen from the images in Fig. 2.5 that the pore size increases with an
increase in applied current density. In general, the pore size varied from 20 nm to 200
nm for current density varying from 5 mA/cm2 to 20 mA/cm2 . The length of the pore
is primarily in the <100> crystallographic direction with unit tortuosity. The side wall
thickness of the pore is 10 ± 5 nm. Samples prepared with electrolyte E2 are more robust,

40

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 2.5: (a), (b), and (c) are the top-view images; (e), (f), and (g) are
the cross-sectional images of porous silicon samples for electrolyte E1 at 5,
10, and 20 mA/cm2 current densities respectively, (d) and (h) are top and
cross-sectional view images for the sample in electrolyte E2 at 10mA/cm2 .
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hence are implemented as the pump media for the EOP application. The pore size and
porosity can be controlled by changing the applied current density and electrolyte chemistry
within certain limits.

2.3.2

Mesoporous Silica Formation

After anodization, the samples are thermally oxidized in an oxidation furnace at 950 ◦ C to
completely oxidize and strengthen the pore walls. Fig. 2.6 (a) and Fig. 2.6 (b) show images
of un-oxidized mesoporous silicon and completely oxidized mesoporous silica membranes.

The unique properties of mesoporous silica compared to other materials are listed
in Table 2.2.

2.4

EOP Test

To verify the experimental conditions, results obtained by Zheng et al. were reproduced
[11]. The ﬂow rate was measured by weighing the mass of the DI water and is converted
to volume. A low dead-volume pressure sensor (Honeywell ASDX005G24R) is used to
measure the maximum pressure for the EOP with a mesoporous membrane. Figure 2.7
shows the EOP setup utilized by Zheng et al. [11]. Figure 2.8 shows the conﬁguration of
the EOP setup.
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(a)

(b)

Figure 2.6: (a) optical photograph of the top view of a 550 μm thick
un-oxidized mesoporous silicon membrane, (b) optical photograph of a
mesoporous silica membrane (oxidized sample).
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Glass Frit

Silica Particles

Glass

Mesoporous Silica

Material

slurry-packing
method
Sintering

Fabrication
Process
MEMS
based
processingelectrochemical
anodization
Micro-machined

-

-

∼1

∼1

Tortuosity

4 cm wide and
1 mm long, 1
μm deep
500-700 μm
diameter
1.4, 40 mm
diameter,
1-2μm pore,
1-5 mm

pore size,
pore length
10-50 nm, ∼
500 μm

efﬁcient,

not reproducible

not reproducible

not
expensive

optically translucent,
porous and efﬁcient
fabrication

Other

Table 2.2
Physical characteristics of mesoporous silica in comparison to other porous
membranes.

S.Yao

Zeng et al.

Chen
and
Santiago

Vanga et al.

Author

Figure 2.7: EOP setup utilized earlier by Zheng et al., for the ﬂow
measurements [11].[Permission in Appendix].

Figure 2.8: Schematic of the EOP based on porous silicon [11].[Permission
in Appendix].
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2.4.1

Flow Rate And Pressure Measurements

Flow rates of 20 μL/min for a applied bias of 100 V and maximum pressures of 7300
Pa is achieved at 80 V for mesoporous silica membranes. The process involved in the
measurement of the ﬂow rates is illustrated in Fig. 2.9. Mesoporous silica sample was
positioned on to the ﬁxture as shown in Fig. 2.9 (c) followed by securely sealing the sample
with a O-ring to prevent any water leakage. DI water is introduced into both sides of the
reservoirs of the ﬁxture using a syringe. Voltage from 10 - 100 V is applied, negative bias
to the electrode closer to the exit port and positive on the other end. The water exiting
the capillary tube is weighed for a ﬁxed period (∼ 3 minutes) of time and is converted to
volume. Flow rate is measured by taking account of this volume ﬂow over the ﬁxed time
by following the ﬁgure of merit analysis outlined by Yao, et al. [37].

Results for the presented oriented mesoporous silica EO pump demonstrated a 2.8
μL/min/V/cm2 ﬂow efﬁciency and a 92 Pa/V pressure efﬁciency. Table 2.3 lists details
for ﬂow rates for different voltages for mesoporous silica membranes. Figure 2.10 shows
the plot of EOP ﬂow rate against the applied voltage for mesoporous silica membranes.
Figure 2.11 shows the plot of EOP ﬂow rate against the applied voltage for macroporous
silicon membranes earlier demonstrated by Zheng et al. Flow rates and pressure capacities
obtained by different authors is compared with the results in this work as listed in Table
2.4 [42].
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.9: (a) top side of mesoporous silica sample, (b) backside of the
mesoporous silica sample, (c) mesoporous silica sample on the ﬁxture for
mounting, (d) front side of the reservoir is ﬁlled with a syringe, (e) pumped
DI water is collected in a vial, and (f) water exiting the capillary tube.
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Table 2.3
Flow rate of the EOP pump against the applied voltage for mesoporous
silica membrane.
Applied Voltage (Volts)
20
30
40
50
60
70
80
90
100

Flow rate (μL/min)
4.67
7.33
8
8.3
9.67
11.3
15.67
18
20.67

Figure 2.10: Experimental ﬂow rate vs. applied voltage for the EOP based
on mesoporous silica membrane.
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49

8
0.00002
0.00009
3.0
NR
0.015
0.9
0.17
33

4.48

NA

NR

150

5.0

33

250

10

130

Pressure Flow rate
(kPa)
(ml min−1 )
5.2
11.9

Material
(Process)
Macroporous silicon
(micro-fabrication)
Mesoporousa silica
(micro-fabrication)
Glass
(micro-channel)
Glass
(micro-machined)
Sintered glass beads
(porous media)
Quartz
(micro-machined)
Soda-lime glass
(micro-machined)
Packed Silica particles
(porous media)
Si-glass
(micro-machined)
Sintered glass frit
(Porous media)
Borate buffer

Borate buffer

Water

Water

Phosphate buffer

NH4 OH

Water
Water
Water, Methanol

DI Water

DI Water

Working Fluid

100

400

1250

1000

40

500

2000

2700

60

Yao 2003

Laser 2003

Zeng 2002

Chen 2002

Takamura 2001

Gan 2000

Ramsey 1997

Jacobson 1994

Vanga et al., 2010

Operating Voltage
Author
(V)
60
Zheng et al., 2007

Table 2.4
Flow rates and pressure comparison from this work with literature
[42].[Permission in Appendix].

Figure 2.11: Experimental ﬂow rate vs. applied voltage for the EOP based
on macroporous silicon membranes [11].[Permission in Appendix].
Figure 2.12 shows the setup utilized for pressure capacity measurements. The
pressure sensor and multimeter voltage reading for the EOP pressure measurement is shown
in Fig. 2.13.

Figure 2.14 shows the plot of EOP pressure test against the applied voltage for
Table 2.5
Pressure of the EOP pump against the applied voltage for mesoporous
silica membrane.
Applied Voltage (Volts)
10
20
40
60
80

50

Pressure (Pa)
36.2
319
2190
4480
7380

Figure 2.12: Experimental setup utilized for EOP pressure capacity
measurements. In the ﬁgure, (1) is the voltage supply, (2) is the EOP ﬁxture,
(3) is the pressure sensor, and (4) is the multimeter with pressure equivalent
reading in volts.
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(a)

(b)

Figure 2.13: (a) pressure capacity measurement of the EOP, and (b) voltage
reading across the pressure sensor as recorded on the multimeter.
mesoporous silica membranes. Table 2.5 lists the details for this test.

Figure 2.14: Experimental maximum pressure vs. applied voltage for the
EOP based on mesoporous silica membrane.
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Figure 2.15 shows the plot of EOP pressure test against the applied voltage for
macroporous silicon membranes earlier demonstrated by Zheng et al.

Figure 2.15: Experimental maximum pressure vs. applied voltage for
the EOP based on macroporous silicon membranes [11].[Permission in
Appendix].

From the theoretical model using Eq.(2.1), Eq.(2.3) and Eq.(2.5), the mesoporous
silica membrane would generate pressures of about 2×107 Pa and ﬂow rates of about
8μl/min at 60 volts. The ﬂow rate achieved experimentally (9μl/min at 60 volts) is closer to
the theoretical value (8μl/min at 60 volts), but the pressure value is contradicting. Various
factors including resistance of the ﬂuid in the EOP setup, resistance offered by the capillary
tube, air trapped in the pump reservoirs and pore proﬁle of the porous media caused a
deviation from the expected linear behavior of the ﬂow-rate measurements. Similar trend
53

for ﬂow rate against applied voltage was observed by Zheng et al., for macroporous silicon
[11].

For mesoporous silica membranes, at such small dimensions, the side walls of the
pore cannot be considered to be smooth and the ridges present on the pore wall offers
resistance to the ﬂow. Frictional forces which depend on the channel aspect ratio and
Knudsen number become signiﬁcant at nano-scale dimensions. The presence of the EDL
offers additional resistance to the ﬂow. With the high resistance offered due to various
factors, the time taken for the liquid around the electrode to be eventually pumped and
be replaced by fresh water is probably high enough and this leads to electrolysis in the
pump reservoir in which the electrodes are placed. With bubble formation, there is a high
probability for the air bubble to block some of the pores and affect the performance of
the pump. During the testing, reverse ﬂuid ﬂow was also observed. Electrolysis at the
cathode at high bias could contribute to the reverse ﬂuid ﬂow and pressure generation. A
combination of all the above mentioned factors could have contributed to a ﬂow rate proﬁle
that deviated from a linear pattern for an applied voltage. A detailed theoretical review of
the ﬂow pattern in the ﬂow regime (0.001 < Kn << 0.1) is presented in literature [47].
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2.4.2

Pressure vs. Pore Size

Figure 2.16 shows a theoretical pressure value for different pore sizes obtained using
Eq.(2.3). As the pore size of the porous media becomes smaller, the pressure increases
to a larger value. This pressure increase is attributed to the increase of constriction for
the ﬂow of solvent across the porous media as the pore size becomes smaller which is in
agreement with the Eq.(2.3).

Figure 2.16: Theoretical maximum pressure generated vs. pore size of the
porous silicon membrane.
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2.4.3

Power Considerations For the EOP

The equations, Eq.(2.6) and Eq.(2.7) are utilized for estimating current and power required
for EOP operation. Important parameters necessary for this estimation include, pore radius
of the porous media, dimensions of the porous media, and properties of the working ﬂuid.
The conﬁguration of EOP can be considered to be an equivalent of three resistors as shown
in Fig. 2.17 consisting of, the reservoir in the left, the resistance offered by the porous
silicon sample, and the reservoir on the right. The following values of the are considered
that are listed in Table 2.6
Table 2.6
Parameters for current (I) and power calculations for EOP
Parameter
Resistivity of DI water
Length of the pore
Pore density of the porous media
Resistance of individual of the individual pore
Resistance of the reservoir with DI water both left and right

Value
17 MΩcm
500 μm
5.4 × 106 /cm2
R pore
Rle f t = Rright

Diameter of the Pt electrode
Effective resistance of the pores in the porous region (resistance in parallel)
Total system resistance
Diameter of the porous region
Pore density in the porous region in the 3.5mm circular region

1 cm
Re f f
Rsystem
3.5 mm
51 × 104

R=

ρL
A
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(2.6)

Rsystem = Rle f t + Re f f + Rright

(2.7)

Using Eq.(2.6) and the parameters listed above, R pore calculated is 836 × 1010 Ω and Re f f
is 16.3 MΩ. Using Eq.(2.6), the resistance of the DI water in the left reservoir is calculated
to be 21 MΩ. Total resistance of the system is calculated using Eq.(2.7) and is equal to 58.3
MΩ. The current (I) of the EOP system for 60 V is 1.02 × 10−6 A. The power consumption
is 61.74 × 10−6 watts.

Figure 2.17: Equivalent resistance of DI water and porous silicon sample
in the EOP conﬁguration.

2.5

Fluid Permeability Test

In order to address and understand the issues related to the low ﬂow rate observed for the
EOP using mesoporous silica membrane, a permeability test for the porous membrane is
performed. A syringe pump as shown in Fig. 2.18 is set to a ﬂow rate of 0.21 ml/min and
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is connected to the inlet of the pump reservoir in order pump the ﬂuid through the porous
membrane by pressure. A dead end pressure sensor was connected in parallel to the syringe
pump inlet. Both macroporous silicon (∼ 3 μm) and mesoporous silicon membrane (∼20
nm) are used as the pump media.

Figure 2.18: Fluid permeability setup used to check the ﬂuid ﬂow across
the porous membrane in the EOP.

In the case of macroporous silicon, the pressure reached a constant value of 2700
Pa. In case of the mesoporous silicon sample, the pressure reached to the maximum limit of
the sensor reading ∼34000 Pa with a minimal ﬂow rate at this pressure. Very low ﬂow rates
at such high pressures from the syringe pump test implies that the external voltages applied
in the case of EOP test needs to generate equal or higher forces on the ﬂuid molecules for
them to overcome the capillary resistance and ﬂow through the pores.
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2.5.1

Stress in the Mesoporous Silica Membrane

Thermal oxidation of macroporous membrane gives signiﬁcant strength to the porous
membrane due to the oxide formation on the side walls of the pores. On contrary, the
mesoporous silica membranes become very brittle due to high compressive stress and this
makes loading/testing challenging.

Earlier work on various mesoporous silicon substrates show that these membranes
have Young’s Modulus values of 10 - 20 Gpa [48]. These values are much lower than the
bulk silicon with a Young’s Modulus value of 160 GPa. To implement these membranes for
the EOP testing, it is important to have a porous membrane that can withstand the testing
process. Selectively porosifying the bulk silicon using a skeleton mask can improve the
strength of the porous membrane. In this process, a mask pattern is formed on the silicon
substrate using photolithography. With this mask, selective regions of 200μ m by 200μm
squares are formed using sputter deposited Cr/Au ﬁlms and lift-off technique. Results from
the selective etching using the mask are shown in Fig. 2.19.

59

(a)

(b)

(c)

(d)

Figure 2.19: EOP mask pattern formed by selective porosifying of silicon,
(a) the mask pattern, (b) porosiﬁed region, (c) cross-sectional image of
the sample at low magniﬁcation, and (d) EOP mask cross-section at high
magniﬁcation.

2.6

Summary

Through wafer macroporous silicon and mesoporous silica membranes are implemented
for EOP application. Macroporous silicon is utilized as pump media to reproduce results
of a large ﬂow rate of 11.9 μl min−1 mm−2 and a maximum pressure of 5.2 kPa at 60
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volts earlier demonstrated by Zheng et al. Mesoporous silica membranes are implemented
as a porous media for EOP application for the ﬁrst time to our knowledge. Flow rate
and maximum pressure measurements of mesoporous silica membranes indicate that
the smaller pore diameter improves maximum pressure response and impacts maximum
ﬂow rate based on morphology, yielding ﬂow efﬁciencies of 2.8 μl/min/V/cm2 and
pressures of 92 Pa/V. Initial pressure capacity measurements indicate that mesoporous silica
samples can generate really high pressure values in accordance with theoretical pressure
calculations of 2 × 107 Pa for a 10 nm pore size. Selective porousifying improved the
strength of the mesoporous membrane and withstood may testing cycles. Permeability of
the mesoporous silicon membrane is tested with the working ﬂuid using a syringe pump
test setup.
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Chapter 3

Optical Properties of Mesoporous
Silicon/Silica

3.1

Introduction

From the earlier chapters, it is evident that translucent mesoporous silica membranes
with high surface area is a potential material for optical dye immobilization and can
be implemented in the ﬂow-through sensing device for pH measurements1 . In order
to successfully implement mesoporous silica for ﬂow-through detection, it is important
to understand its optical properties as ﬂuorescence measurements are performed on this
1 Parts

of this chapter were previous published in the journal, Porous Semiconductors - Science and
Technology, permission in appendix
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material with immobilized dyes. Understanding how light couples into the mesoporous
media will help in accounting for any losses involved both in transmission and reﬂection
mode. Knowledge of optical constants, the refractive index and extinction coefﬁcients will
aid in improving the design and implementation of the device.

Figure 3.1 shows the typical transmission spectra of a 100 μm thick silicon sample.
As can be seen, silicon becomes transparent in the IR region and it will be interesting to
study the same for mesoporous silica membranes that are fabricated from silicon.

Figure 3.1: Silicon transmission from 200 nm to 1000 nm in a 100 μm
thick silicon substrate.

The large speciﬁc surface area of porous silicon and the ability to tailor the pore
size and morphology leads to sensing applications that utilize changes in its electrical,
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chemical, and optical properties during sensing while interacting with gases and other
ﬂuids under study. Structural features of porous silicon layers such as pore size, porosity
(p), and thickness (t) dictate how light interacts and gets modulated while passing through
the porous region and are key parameters in optical and photonic systems. In the past,
investigators have broadly explored the modulation of the bandgap and refractive index
of porous silicon layers to produce devices such as Bragg reﬂectors [49], rugate ﬁlters,
and other photonic bandgap structures enabling chemical, biochemical, thermal and other
novel sensors and detectors [50]. Rugate ﬁlters can be fabricated from porous silicon
substrates by gradually varying the porosity of the porous silicon by the modulation of
applied current density [51]. While reﬂective sensing has been effectively leveraged,
some sensing applications would be enabled with the potential for a ﬂow through detection
system. Thin ﬁlms of porous silica that are formed from the thermal oxidation of porous
silicon can be attractive for their use as cladding material of low refractive index for optical
communications [52].

There is a limited literature available reporting the transmission behavior of
macroporous silicon samples in the visible range [53]. Hutchinson et al., have performed
a theoretical and numerical study on transmission and reﬂection of highly ordered
mesoporous thin ﬁlms [54]. They investigated the effect of pore size and porosity on
these optical parameters using a simulation study on mesoporous 2D and 3D structures.
Applications for antireﬂection coatings using porous silicon/silica ﬁlms are appealing since
the refractive index can be modulated from nair = 1 to nSi = 3.5 depending upon the
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porosity and the sidewall oxide thickness [55]. With porous silicon, the relative refractive
index can be tailored by the degree of thermal oxidation [56].

3.2

Experimental Methods

Experimental conditions for the fabrication of mesoporous silicon and mesoporous silica
utilized for optical characterization in this chapter are listed in Chapter 2. In this work,
Sample A and Sample B denote mesoporous silica samples (550 μm thick) anodized at
10 mA/cm2 and 20 mA/cm2 . Sample C denotes mesoporous silicon sample (600 nm thick
porous layer) obtained after anodizing at 10 mA/cm2 . All three samples were anodized in
electrolyte consisting of 10−3 M CTAC, HF(49%), ethanol, and DI water at a volume ratio
of 1:1:1 [35]. Optical transmission and reﬂection measurements utilized mesoporous silica
membranes of thickness 550 μm. Refractive index measurements were performed using
600 nm and 1 μm thick un-oxidized and oxidized Sample C. Optical measurements were
conducted using the J.A. Woollam V-VASE 32 Ellipsometer.

The impact of thermal oxidation on the morphology and oxide growth rate of porous
silicon was earlier reviewed by Pirasteh et al.

[57]. In their work, pore morphology

before and after thermal oxidation was characterized and analyzed using scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) techniques. Thermal
oxidation rates of porous silicon samples were evaluated using micro-Raman spectroscopy.
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In order to conﬁrm that the mesoporous silica sample shown in Fig. 2.6 in Chapter 2
is fully oxidized, an x-ray scan was performed on the sample. Figure 3.2 shows the
diffraction spectra of amorphous quartz superimposed over the spectra of mesoporous silica
indicating that the sample is amorphous and is silica. The absence of any notable peak at
69 deg (2θ angle) corresponding to silicon (004) plane conﬁrms that the mesoporous silica
membrane is fully oxidized.

Figure 3.2: X-ray diffraction spectra of amorphous quartz substrate
superimposed over the spectra of mesoporous silica.
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3.3

Optical Measurements of Mesoporous Silica

Ellipsometry is a very effective and sensitive measurement technique that utilizes polarized
light to extract optical and material properties of the sample under study. Ellipsometry is
highly sensitive due to the fact that it utilizes the relative change in the phase of the reﬂected
light compared to many other techniques that use the change in intensity of the reﬂected
light. In addition, because ellipsometric measurements do not require measurement of
the absolute intensity of the reﬂected light, no reference sample is required. Ellipsometry
measures the change in polarization state of light reﬂected (or transmitted through) the
surface of a sample. Extraction of the optical constants n(λ ) and k(λ ) for the fabricated
mesoporous silica membrane is complicated as the thickness of the membrane used is in
the order of 500 μm. As the thickness of the ﬁlm increases to several microns, the number
of data oscillations becomes increasingly larger and becomes difﬁcult to resolve at shorter
wavelengths. The standard ﬁlm thickness for spectroscopic ellipsometric measurements
is less than 5 μm for visible to near infrared wavelengths. Increase in ﬁlm thickness
introduces surface non-uniformities and also the presence of any voids in the membrane
or thin ﬁlm impedes the process of determining the exact values. In order to extract the
optical constants n and k, ﬁrst ellipsometric parameters ψ and Δ are measured. Ellipsometry
measures the ratio of the ψ and Δ and since the ratio is a complex number, it contains
the phase information of the optical signal. Ellipsometry is used to measure parameters
both for thin ﬁlms and bulk materials including optical constants, thin ﬁlm thickness,
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doping concentration, surface and interfacial roughness, alloy ratio, crystallinity, optical
anisotropy, and porosity [58].

3.3.1

Transmission Spectra

Optical transmission measurements were performed on 550μm thick mesoporous silica
samples Sample A and Sample B.

Figure 3.3: Transmission spectra for a typical mesoporous silica Sample A
and Sample B with and without quartz substrate as a supporting base.
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A quartz substrate was used as supporting base for the mesoporous silica samples
during the optical measurements. Figure 3.3 shows the transmission spectra for Sample
A and Sample B. From the initial optical characterization measurements, it was found
that transmission for quartz approaches 90% at infrared wavelengths. As seen in the
Fig. 3.3, there is attenuation of transmitted signal when the sample is mounted on the quartz
substrate. This attenuation of intensity could be attributed to the air gap that lies between
the sample and quartz substrate. Without the quartz substrate, Sample A has a transmission
intensity of ∼ 0.25 and Sample B has a transmission intensity of ∼ 0.12 at 1700 nm. For
a transparent media, the absorption coefﬁcient of the material is related to incident and
transmitted intensity by the Beer-Lambert’s law given by the relation in Eq.(3.1),

I = I0 e−α(λ )t

(3.1)

where I and I0 are the incident and transmitted intensities, α(λ ) is the absorption
coefﬁcient; and t is the thickness of the absorption media. The optical properties of
mesoporous silica can be tuned or modulated by varying the pore size, pore volume,
pore morphology and the thickness of oxide on the pore walls by the electrochemical
anodization. Anodization at higher current density (Sample B) results in larger pore sizes
with a thicker silicon sidewall compared to Sample A which was anodized at a lower current
density. The optical properties of the mesoporous silicon and mesoporous silica samples
are determined by the volume ratio of silicon, SiO2 , and the air volume present in the pore.
After thermal oxidation, Sample B has a thicker oxide layer on the pore walls compared
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to Sample A. Also, it is proposed that there are more transmission losses for Sample B at
the pore boundaries compared to Sample A which has a more continuous oxide layer with
much smaller pores. The cumulative impact of these two effects resulted in a decrease in
transmission for sample B compared to Sample A as seen in Fig. 3.3.

3.3.2

Angle Resolved Transmission Spectra

Figure 3.4 shows the ellipsometric conﬁgurations for the angular transmission and
reﬂection measurements. Angle resolved transmission as well as angle resolved reﬂection
measurements were performed on the 550 μm mesoporous silica Sample A. These
measurements indicate the transmission as well as reﬂection losses as the the incident
light passes through or reﬂected at different angles from the sample. For the transmission
measurements, Sample A was rotated on axis with respect to the incident beam and the
detector was rotated from 0◦ to 45◦ in increments of 5◦ . For the reﬂection measurements,
the detector unit is positioned in front of sample A as it is rotated by an angle.

From the transmission spectra in Fig. 3.5, it can be seen that the transmission is
maximum at normal incidence and minimum for 45◦ . This is because of the path length
through the silica material that the incident light beam travels is at the minimum for the
0◦ incidence and the greatest for 45◦ in the measurement range. Optical transmission
measurements in the range of 0.3 - 0.8 μm on macroporous silicon with through pores
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(a)

(b)

(c)

(d)

Figure 3.4: Ellispsometric conﬁgurations for angular transmission
measurements, (a) normal Incidence, (b) + 30◦ , (c) - 30◦ , and (d) reﬂection
measurements at 20◦ .
of 200 μm depth has been reported by Astrova et al.

[53]. Figure 3.6 shows the

angular dependence of the transmission of Sample A for 900 nm, 1200 nm, and 1500
nm wavelengths.

71

Figure 3.5: Angle resolved transmission spectra measurements from - 45◦
to + 45◦ for Sample A.

3.3.3

Angle Resolved Reﬂection Spectra

For a macroporous silicon substrate, the normal incident light propagates along the < 100 >
direction, the light is transmitted through the pore cavity with refractive index n ∼ 1 with
SiO2 and silicon as the absorbent media surrounding the cavity [53]. In the case of
mesoporous silica, the light propagates through a medium of SiO2 and air. The reﬂectance
of the porous silicon membrane can be controlled by modifying the pore morphology or by
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Figure 3.6: Variation of transmitted intensity vs. angle of incidence for for
Sample A at 900 nm, 1200 nm, and 1500 nm.
ﬁlling the porous structure with other materials [57]. From Fig. 3.7, it can be seen that the
reﬂectance decreases as the angle changes from 20◦ to 70◦ . The reﬂected intensity values
are very low in magnitude as most of the incident light is transmitted. Figure 3.8 shows the
angular dependence of the reﬂected intensity of Sample A for 900 nm, 1200 nm and 1500
nm wavelengths.
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Figure 3.7: Angle resolved reﬂection spectra measurements from 20◦ to
70◦ for Sample A.

3.3.4

Optical Constants

The refractive index n and extinction coefﬁcient k are important parameters for materials
used for optical communications, ﬁlters and gratings. The complex refractive index is
related to the extinction coefﬁcient by the relation given in Eq.(3.2),

n = n + ik
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(3.2)

Figure 3.8: Variation of reﬂected intensity vs. angle of incidence for
Sample A at 900 nm, 1200 nm, and 1500 nm.
Where n is the complex refractive index, n is the refractive index of the material, and k
is the extinction coefﬁcient, which are both obtained from the spectroscopic ellipsometric
parameters ψ and Δ. Of the many models available, the Bruggemann model which uses
effective medium approximation (EMA) is considered ideal for porous materials when the
wavelength of the incident light is much greater than the dimensions of the pores [59],
[55].

As it was difﬁcult to perform ellipsometric measurements on 550 μm thick samples
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Figure 3.9: The measured refractive index (n) and extinction coefﬁcient (k)
of the mesoporous silicon Sample C (un-oxidized sample).
to extract the refractive index values, oxidized and un-oxidized mesoporous silicon Sample
C were utilized and measurements were conducted at 70◦ angle. Figure 3.9 and Fig. 3.10
show measurements for n and k for un-oxidized and oxidized Sample C. The porosity and
refractive index for porous silicon layer are related by the relationship given in Eq.(3.3),

(1 − n2PS )(n2Si + 2n2PS )
pPS = 1 −
3n2PS (1 − n2Si )
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(3.3)

Figure 3.10: The measured refractive index (n) and extinction coefﬁcient
(k) of the mesoporous silica ﬁlm (oxidized sample).
where pPS is the porosity, nPS and nSi are the refractive index of porous silion and crystalline
silicon at a speciﬁc wavelength of light [55]. The experimental value of porosity for
mesoporous silicon that was earlier reported for similar conditions is about 60% [60].
Using the Eq.(3.3) and the measured values of refractive index of mesoporous silicon
Sample C of 1.66 and crystalline silicon of 3.5 at 1000 nm, the computed value of
porosity of the sample C is ∼ 67%, which is in good agreement with past results [60].
The porosity values for mesoporous silicon and mesoporosus silica are estimated based
on high resolution FE-SEM top view imaging of the samples through image processing
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analysis using Image J software and assuming a columnar porosity as indicated by the cross
sectional FESEM imagery of Fig. 2.5 from Chapter 2. Total pore area versus total sample
area was utilized to provide an estimate of porosity. For the mesoporus silicon Sample C, a
porosity value of 57.6% was obtained while adjusting the threshold by 10% in the Image J
software. This value of porosity is comparable to the value obtained using the Bruggemann
model. The porosity of mesoporous silica ﬁlm is estimated using the following expression
in Eq.(3.4) [61],

pOPS = 1 − 2.27

tPS
(1 − pPS )
tOPS

(3.4)

In the above equation, tPS and tOPS are the mesoporous silicon and mesoporous
silica ﬁlm thicknesses obtained through SEM imaging. Parameter pPS is the porosity value
of mesoporous silicon obtained from the SEM and Image J analysis. For the oxidized
mesoporous silica Sample C, a porosity value pOPS of 24% was obtained using Eq.(3.4),
which is comparable from the model ﬁt value of 27% using Eq.(3.3) which utilized the
measured refractive index values. The modeled thickness of the mesoporous silicon ﬁlm
is about 600 nm with Mean Squared Error (MSE) of 53, and for mesoporous silica it is
about 1200 nm with an MSE of 48, which agrees with the experimental values. Oxidized
Sample C has a refractive index value lower than un-oxidized Sample C as can be seen by
comparing Fig. 3.9 and Fig. 3.10.

The modeling for n and k was done from 600 nm - 1700 nm to obtain the best ﬁt.
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Refractive index values for dense silica as reported is about 1.46 [62]. A very detailed
study of porosity measurements on oxidized porous silicon samples is reported by Charrier
et al.

[61], [63]. The decrease in refractive index of un-oxidized mesoporous silicon

from 1.66 in the IR region to 1.36 for mesoporous silica is shown in the plots in Fig. 3.9
and Fig. 3.10 conﬁrming the presence of fully oxidized silica membranes. From Eq.(3.1),
and the measured experimental data, the absorption coefﬁcient for the 550 μm mesoporous
membrane anodized at 10 mA/cm2 is calculated to be 31.8 cm−1 . Using Beer’s law as in
Eq.(3.5),

α=

4π
k
λ

(3.5)

The extinction coefﬁcient k is calculated for the 550 μm thick material to be
2.5×10−4 at 1000 nm. From Fig. 3.10, the measured extinction coefﬁcient for a 1 μm
mesoporous silica ﬁlm is 7.5×10−7 . While both values indicate a weakly absorbing
material, the extinction coefﬁcient of a 1 μm mesoporous silica ﬁlm is much lower than
that of the 550 μm mesoporous silica sample. A direct comparison between the bulk and
the thin ﬁlm cannot be drawn at this time, rather these differences serve to highlight the
differences in the optical properties of the bulk vs. thin ﬁlm behavior of the material.

79

3.4

Summary

Optical characterization on mesoporous silica membranes was performed using
ellipsometry from 300 - 1000 nm. From the transmission measurements on mesoporous
silica, it is observed that there is a decrease in absorption loss for the oxidized mesoporous
silica sample A (anodized at lower current density with smaller pore diameter) compared
to mesoporous silica sample B (anodized at higher current density with a larger pore
diameter). X-ray diffraction measurement on mesoporous silica samples conﬁrms the
presence of fully oxidized membranes. Angular transmission as well as angular reﬂection
decreases with decrease in incident angle. The refractive index (n) values for oxidized and
un-oxidized mesoporous silicon Sample C at 1000 nm are 1.36 and 1.66. The decrement
in refractive index implies that the mesoporous silicon has been oxidized into mesoporous
silica, given that the refractive index of bulk silicon is ∼ 3.5 and bulk silica is ∼ 1.4. The
extinction coefﬁcient (k) for a thick (550 μm) mesoporous silica samples is 2.5×10−4 and
for a thin (1 μm) mesoporous silica is 7.5×10−7 . The porosity decreased with thermal
oxidation of porous silicon and is conﬁrmed by Bruggemann model as well as Image
J analysis. The initial measurements of normal incidence optical transmission indicate
promising results to use these mesoporous silica membranes for visible to the near infrared
regime applications.

Potential applications that could result from mesoporous silica

material include ﬂow through porous membrane for chemical and biological detections.
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Chapter 4

Flow-Through Sensing Using
Fluorescence Measurements

4.1

Introduction

This chapter presents some of the ﬂuorescence studies done in collaboration with Ms.
Qili Hu and Dr. Sarah Green from the Chemistry Department at MTU. Ms. Hu’s major
contribution includes developing the chemistry and ﬂuorescence measurements2 .

Chapter 2 and Chapter 3 have demonstrated the signiﬁcant components of the
ﬂow-through sensing device including material fabrication, characterization and testing.
2 Parts

of this chapter were previous published in the journal, IEEE-Nano, permission in appendix
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The ﬁnal task involves integrating the electro-osmotic pumping and ﬂuorescence detection
for a complete ﬂow through sensing system that will be used for measuring the pH of
different solvents.

Understanding the activity of hydrogen ions (pH) is one of the most important
parameters for studying fresh studies.

Optical pH sensing has many advantages

over electrochemical techniques including high sensitivity, absence of reference signal,
immunity to electrical interference, comparative ease of miniaturization, and potential for
remote sensing [64].

Fluorescein is a pH dependent ﬂuorescent dye and its pH-dependent excitation
spectra allows for pH determination from ratiometric based measurement.

In this

study, ﬂuorescein is covalently bonded to the internal surface of porous silica through
surface reaction with self-assembled monolayer of trichlorosilanes [65] and ﬂuorescence
excitation spectra is considered for pH measurement in comparison to other above
mentioned techniques.

4.2

pH Measuring Mechanism

A brief introduction to the theory involved in pH measurement using the ﬂuorescence
intensity spectra is presented here.

Understanding the quality of waters require a
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measurement of the concentration of hydrogen ion activity (H + ) or the pH (negative
logarithm of hydrogen ion concentration). Spectrophotometric pH measurements involves
the use of acid-base indicators that change their color depending on the pH of the solution
they are in. For a weak acid indicator, the dissociation is given by Eq.(4.1) [66].

HL− ⇔ H + + L2−

(4.1)

where HL− is the acidic or protonated form, and L2− is the basic or the un-protonated form.
The equilibrium expression Ka corresponding to the second dissociation is written as

Ka =

[H + ][L2− ]
[HL− ]

γH + γL2−
γHL−

(4.2)

In the expression Eq.(4.2), Ka is the acidity constant (the acid ionization constant or the
indicator equilibrium constant) in the reaction. γ’s are the individual or single ion activity
coefﬁcients. In the expression Eq.(4.2), the pH is given by Eq.(4.3),

 
pH = −log H + γH +

(4.3)

The pH can also be written as Eq.(4.4),



L2−
pH = pKa + log
[HL− ]
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(4.4)

Also, [L2− ] and [HL− ] are related to the intensity ratios I[L2− ] and I[HL− ] by Eq.(4.5),





L2−
I L2−
=
[HL− ] I [HL− ]

(4.5)

where, I[L2− ] and I[HL− ] are the absorption or ﬂuorescence intensity ratio of the species
[L2− ] and [HL− ] from the experiment. The pH of the solution can be calculated using the
above intensity ratios. Absorbance spectra corresponding to I[L2− ] and I[HL− ] forms of
cresol red (sodium salt) is shown in Fig. 4.1 [66].

Figure 4.1: Absorbance spectra corresponding to I[L2− ] and I[HL− ] forms
of cresol red (sodium salt). The ionic concentration of protonated HL− form
is 1.80×10−5 M (pH 4.5) and the ionic concentration of deprotonated L2− is
1.53×10−5 M (pH 12). pH measurements are obtained from the absorbance
spectra at 439 nm, 577 nm, and 724 nm [66]. [Permission in Appendix].
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4.3

Flow-Through Sensing Device

A schematic of the meso-scale pump body that is fabricated using plexiglass for the
ﬂow-through sensing device (FTSD) conﬁguration designed for pH measurements of fresh
water using indicator dyes that are immobilized on porous silica templates is shown in
Fig. 4.2. As shown in Fig. 4.3, there is an additional port on the FTSD to load the sample
and reﬁll the reservoir. The exterior walls of the ﬁxture are mirror polished to reduce
scattering during detection. The dye coated mesoporous silica sample is held on a slot
machined on a thin slab of plexiglass. As described earlier, during the testing operation,
the buffer solution interacts with the porous silica chip and leads to different ﬂuorescence
signals as the pH of the solution is changed. During the sensing phase, the incident light
(excitation source) from the lamp of the ﬂuorometer passes through the ﬁxture walls and is
incident on the dye coated porous silica membrane. The emitted ﬂuorescent signal passes
through the ﬁxture walls and is directed towards the detector.
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Figure 4.2: Schematic of the ﬂow-through sensing device used in the study.
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Figure 4.3: Fixture of the ﬂow-through sensing device used in the study.

(a)

(b)

Figure 4.4: (a) porous silicon sample positioned on the ﬂuorometer table
for testing, (b) SPEX FLUOROLOG 1681 ﬂuorometer setup.

Fig. 4.4 shows the SPEX FLUOROLOG 1681 ﬂuorometer used for the ﬂuorescence
measurements.
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4.3.1

Monolayer Preparation- Immobilization of Dye

The high surface area of porous silicon has created an interest in introducing different
materials into pores. The surface of the anodized sample is terminated with various
silicon-hydrogen bonds but will quickly form a thin native oxide when exposed to the
ambient. The conventional methods of immobilizing a dye include soaking the sample
in the dye or dispersing the dye on the sample surface using a syringe. For efﬁcient
inﬁltration and impregnation of the dye, the size of the dye molecule should be much
smaller than the pore diameter. Figure 4.5 shows the different hypothetical conﬁgurations
for dye immobilization that could be implemented during the experiment. Figure 4.5 (a)
& Fig. 4.5 (b) shows the FE-SEM top and cross-sectional view of macroporous silicon.
Figure 4.5 (c) & Fig. 4.5 (d) shows the dye on an un-oxidized porous silicon sample.
Figure 4.5(e) & Fig. 4.5 (f) shows an oxidized porous silicon sample. Figure 4.5 (g) &
Fig. 4.5(h) shows the dye on an oxidized porous silicon sample.

Silicon with a thin native oxide, quartz slides, and porous silica substrates have been
used to explore the immobilization of ﬂuorescein dye. All the substrates were cleaned for
1 hour in piranha solution (1:4 30 % H2 O2 and concentrated H2 SO4 ), rinsed several times
with de-ionized water and dried in a dry air stream prior to any surface reaction. A glove
box is utilized to perform the surface reactions in a nitrogen atmosphere. The freshly
cleaned substrates were placed in a solution of 10 mM 3-aminopropyltriethoxysilane
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 4.5: Hypothetical conﬁgurations for dye immobilization on porous
silicon. (a), (b) are top and cross-sectional view of p (100) porous silicon
sample, (c) & (d) dye coated sample, (e) & (f) oxidized porous silicon
samples, and (g) & (h) dye coated on oxidized porous silicon.
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(APTES) in dry toluene for 4 hours and then rinsed with toluene, dichloromethane, and
ethanol [65]. The substrates were then placed in a solution of 0.1 mL of triethylamine and
10 mg ﬂuorescein-5-isothiocyanate in 20 mL dry acetonitrile for 16 hours. Toluene and
acetonitrile were freshly distilled. The chemical structures of ﬂuorescein-5-isothiocyanante
and ﬂuorescein are shown in Fig. 4.6 (a) and Fig. 4.6 (b). The successful immobilization
of ﬂuorescein on the internal surface of porous silica is conﬁrmed by the color change
of porous silica before and after immobilization as shown in Fig. 4.7. The substrates were
cleaned subsequently with acetonitrile, dichloromethane, ethanol and de-ionized water. All
the substrates were immersed in de-ionized water before testing. Fluorescence spectra
were recorded with a SPEX FLUOROLOG 1681 ﬂuorometer. The pH of phosphate buffer
solution was measured by a Accumet model 15 pH meter (Fisher Scientiﬁc), which was
calibrated by pH 4.00, pH 7.00 and pH 10.00 standard buffer solutions. The dye coated
porous silica substrate was immersed in buffer solution in the FTSD for all the ﬂuorescent
measurements.

4.3.2

Optical Constants of the Fluorescent Dye- Fluorescein

The optical constants, the refractive index (η) and extinction coefﬁcient (κ) of the
ﬂuorescein were obtained from spectroscopic ellipsometric measurements. A monolayer of
ﬂuorescein dye is ﬁrst immobilized on silicon wafer through covalent bonding between the
dye and silicon. The refractive index of ﬂuorescein is obtained by a Cauchy ﬁt and it varied

90

(a)

(b)

Figure 4.6: (a) chemical structure of ﬂuorescein-5-isothiocyanante, and (b)
ﬂuorescein [Results from Qili Hu].

Figure 4.7: Images of porous silica untreated (left), immersed in ﬂuorescein
solution (middle) and ﬂuorescein covalently bonded (right) [Results from
Qili Hu].
from 1.5 to 2.4 in the wavelength 300 nm to 1000 nm as shown in Fig. 4.8. The thickness
of the monolayer obtained is 3.2 nm with an MSE (mean square deviation) of 15.6. The
model ﬁt was performed by taking account of the 2 nm native oxide present on silicon.
Optical measurements were obtained using a V-VASE 32 Ellipsometer (J.A. Wollam Co.).
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Figure 4.8: Variation of refractive index of ﬂuorescein in the 300 - 1000 nm
wavelength range.

4.3.3

Fluorescence Studies

All the ﬂuorescence readings were taken under steady state conditions due to the ease of
pH measurements. In this study, ﬂuorescein was covalently bonded on the internal surface
of porous silica to minimize leaching and improve sensor stability. It is observed that,
compared to the covalently bonded ﬂuoroscein on a ﬂat quartz slide, the immobilization
on porous silica increases the amount of dye for pH measurements, which resulted in 5 10 times higher ﬂuorescence intensity. It exhibited two different pH-dependent excitation
peaks corresponding to the protonated (acidic, 468 nm) form and the deprotonated (basic,
490 nm) form and a single emission peak (512 nm). The presence of dual excitation peaks
facilitates the ratiometric pH measurement.
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Figure 4.9: Normalized ﬂuorescence excitation spectra of ﬂuoroscein (1.00
mM) in buffer solution with emission peak at 520 nm [Results from Qili
Hu].
The ﬂuorescence excitation spectra were recorded in the range of 400 - 505 nm with
emission wavelength at 520 nm in phosphate buffer solution with 0.03 M ionic strength at
room temperature. The dual excitation spectra of ﬂuorescein in buffer solution as shown
in Fig. 4.9 were similar to the excitation spectra of ﬂuorescein on porous silica Fig. 4.10.
The excitation peaks at 468 nm and 490 nm are apparent on both spectra. For ratiometric
detection, the excitation intensity ratio (R) is deﬁned here as the excitation intensity at
490 nm with 520 nm emission divided by the excitation intensity at 468 nm with 520 nm
emission as well.
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Figure 4.10: Normalized ﬂuorescence excitation spectra of ﬂuorescein
immobilized on porous silica [Results from Qili Hu].
Fluorescein in buffer solution responded to pH over the range of 3.0 - 8.0 with the
most sensitive dynamic range occurring between pH 4.6 and pH 6.6 (R = 0.9928) as shown
in Fig. 4.11. Similarly, porous silica with immobilized ﬂuorescein responded to pH over
the range of 3.0 - 8.0. A linear relationship was observed between excitation ratio (R)
of ﬂuorescein and pH of buffer solution in pH range 3.0 - 7.5 (R = 0.9862) as shown in
Fig. 4.12. In addition, the excitation ratio of ﬂuorescein is relatively reproducible making
it a promising pH sensor.

Upon covalent immobilization of ﬂuorescein at the surface, the apparent acid
dissociation constant, pKa, changes by as much as 3 pK units [67]. This apparent pKa
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Figure 4.11: Relationship between pH and excitation ratio of ﬂuorescein in
buffer solution [Results from Qili Hu].
shift was observed in this study too, the apparent pKa of ﬂuorescein slightly increased
after immobilization as shown in Fig. 4.13. The apparent acid dissociation constant, pKa,
can be obtained at pH values of crossing points. In Fig. 4.13, HA% and A-% represents the
percentages of acidic and basic forms of ﬂuorescein in the total concentration of ﬂuorescein
present. HA% and A-% values of ﬂuorescein in buffer and porous silica at 468 and 490
nm are plotted against the different pH values from 3 - 8 respectively. As evident from the
plot, in the lower pH range (pH 3 - 4), all the ﬂuorescein molecules are in the acidic form
with HA% is equal to 100 with corresponding A-% value of 0. Similarly, in the higher
pH range (pH 6 - 8), all the ﬂuorescein molecules are in the basic form with HA% equal
to 0 and corresponding A-% value of 100. The slightly lower acidity value of ﬂuorescein
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Figure 4.12: Relationship between pH and excitation ratio of ﬂuorescein in
porous silica [Results from Qili Hu].
(present in electronic ground state) that is immobilized on porous silica is attributed to the
micro-environment from the porous network of porous silica.

4.3.4

Sensitivity of the pH Sensor

Sensitivity of a sensor is an important parameter which is deﬁned as either the minimum
change in input signal or parameter that results in a detectable output signal (DY/DX, the
slope of the graph). From Fig. 4.11, the slope or sensitivity calculated for a unit pH change
is 0.51 (change in excitation ratio), while the sensitivity in the case of ﬂuorescein in porous
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Figure 4.13: Plot of HA% and A-% of ﬂuroescein vs. pH in buffer solution
(blue triangles) and porous silica (red circles). Crossing points indicate pKa
of ﬂuorescein in different environments [Results from Qili Hu].
silica template from Fig. 4.12 is ∼ 0.2 (change in excitation ratio).

The sensitivity of the sensor measurement is maximum when the acid and base
forms of the dye are present in equal proportions, in the linear range of both Fig. 4.11 and
Fig. 4.12. Higher acidic or basic forms results in saturation effects and is seen in the pH
range of 3 - 4.6 and 6.4 - 8.0 in Fig. 4.11 which is not a useful sensing range.

Advantages of using porous silica templates for sensing applications include,
infrequent need for preparation of mesoporous silica sensing template with dye compared
to dye in buffer solution that is prepared frequently. Fluorescein immobilized on porous
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silica template can be used for multiple experiments for a long time. Issues related to
scattering from porous silica templates during sensing needs to be resolved as it reduces
the amount of light or signal that reaches the detector and hence reduces the efﬁciency of
the sensor. Further improvements are required for increasing the transparency of FTSD
ﬁxture walls as it also reduces the light that reaches the sensing material and the detector.
In addition, all the signal coming from the sensing template (in a 360◦ radius) doesn’t reach
the detector as it is positioned at 90◦ with respect to the detector. Further engineering and
optical design is required to capture the entire sample signal for sensing.

4.4

Real Time Implementation of FTSD in Lakes

The relatively compact size and light weight of the FTSD creates less challenges towards
the actual implementation of the device for a real world testing of pH of waters in lakes
and reservoirs. As mentioned earlier, the FTSD device could be mounted or suspended on a
buoy or a robotic vehicle. Important factors that should be considered while transferring the
FTSD from a lab environment to a lake or reservoir involves the power supply to provide
the necessary current and voltages.
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4.5

Summary

Mesoporous silica templates have been successfully implemented for the immobilization
of ﬂuorescein for ﬂuorescence studies. Electro-osmotic pump is successfully modiﬁed
to incorporate dye immobilized mesoporous silica templates. Fluorescence results and
characterization conﬁrm the successful pH measurement from ratiometric techniques. A
linear relationship is obtained between excitation ratio I490/468 and solution pH (R =
0.9862) making it a good candidate for pH sensing.
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Chapter 5

Conclusions And Future Work

A portable ﬂow-through sensing system is proposed with the implementation of porous
silicon technology. Macroporous silicon membranes with a regular array of through-wafer
pores (> 500 μm) and diameters 3 - 4 μm in a 3.5 mm circle are fabricated utilizing arrays
of inverted pyramidal pits. Both dielectric and metal masks are implemented as a mask
material for anodization of silicon. A porous media that is compatible with the current
micro-fabrication technology is fabricated successfully.

Through-wafer mesoporous silicon membranes are fabricated with near vertical
and uniform pores with pore diameters of 10 - 200 nm and pore depths of 500 μm
by anodizing silicon substrates with resistivity of 0.001 - 0.002 Ω-cm. These porous
membranes are thermally oxidized to form complete silica membranes that were used for
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dye immobilization.

Macroporous silicon is utilized as pump media to reproduce results of a large
ﬂow rate of 11.9 μl min−1 mm−2 and a maximum pressure of 5.2 kPa at 60 volts
earlier demonstrated by Zheng et al. Flow rate and maximum pressure measurements on
mesoporous silica membranes indicate that the smaller pore diameter improves maximum
pressure response and impacts maximum ﬂow rate based on morphology, yielding ﬂow
efﬁciencies of 2.8 μ/min/V/cm2 and pressures of 92 Pa/V. Challenges related to the
mechanical strength of the porous membrane are addressed by considering alternate
method of selective porosiﬁcation of silicon. Permeability of the mesoporous silicon
membrane is tested with the working ﬂuid.

Optical characterization on mesoporous silica membranes was performed using
ellipsometry from 300 - 1000 nm. This study was done to understand the behavior of
the dye-immobilized porous silica templates during ﬂuorescence measurements. From the
transmission measurements on mesoporous silica, it is observed that there is a decrease
in absorption loss for the oxidized mesoporous silicon samples compared to un-oxidized
mesoporous silicon samples as expected due to the formation of SiO2 [10].

X-ray

diffraction measurement on mesoporous silica samples conﬁrms the presence of fully
oxidized membranes. Angular transmission as well as angular reﬂection decreases with
decrease in incident angle.

The refractive index (n) values for oxidized and un-oxidized mesoporous silicon
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Sample C at 1000 nm are 1.36 and 1.66 respectively. The decrement in refractive index
implies that the mesoporous silicon has been oxidized into mesoporous silica, given that
the refractive index of bulk silicon is ∼ 3.5 and bulk silica is ∼ 1.4 at 1000 nm. The
extinction coefﬁcient (k) for a thick (550 μm) mesoporous silica samples is 2.5×10−4 and
for a thin (1 μm) mesoporous silica is 7.5×10−7 . Difference of three orders of magnitude
in k is a direct measurement of the opacity of mesoporous silica sample. The measured
absorption coefﬁcient (α) for the 550 μm thick mesoporous silica membrane is 31.8 cm−1 .
The porosity (pPS ) of mesoporous silicon (Sample A) calculated from the experimental
values obtained using ellipsometric measurements is 67%, which compares very well to
the experimental results obtained by Zheng et al. at 60%.

The porosity decreases with thermal oxidation of porous silicon and is conﬁrmed
by Bruggemann model as well as Image J analysis. The initial measurements of normal
incidence optical transmission indicate promising results to use these mesoporous silica
membranes for visible to the near infrared regime applications. Potential applications that
could result from mesoporous silica material include ﬂow-through porous membrane for
chemical and biological detections.

Mesoporous silica and macroporous silicon samples have been successfully
implemented for dye immobilization and electro-osmotic pumping for ﬂow-through
ﬂuorescence sensing and are integrated into a ﬂow-through sensing system as proposed
in the research statement in Section 1.8 of Chapter 1.
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Fluorescence results and

characterization conﬁrm the successful pH measurement from ratiometric techniques.
A linear relationship is obtained between excitation ratio I490=468 and solution pH (R
= 0.9862) making mesoporous silica a good candidate for pH sensing. Porous silica
membranes are efﬁcient templates for immobilization of optical dyes and represent a
promising method to increase sensitivity for small variations in chemical properties.

The FTSD represents a device topology suitable for application to long term
monitoring of lakes and reservoirs.

In real time implementation, the FTSD can be

suspended using a buoy or a robotic vehicle for pH measurements. This implementation
requires onboard power supply and ﬂuorescence setup and require appropriate engineering.

5.1

5.1.1

Future Work

300 nm pore size for EOP

Porous silicon is a very promising material and has a potential for many new applications
including microﬂuidics, micro gas chromatography, photovoltaics, nano-electronics, and
super-capacitors. During this research, novel materials and applications were found that
are based on porous silicon but were not pursued as they fall outside the scope of this
dissertation.
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From a theoretical calculation, mesoporous silica material implemented as a porous
media for electro-osmotic pump should result in a really high pressure value. But from our
research it was found that the ﬂow rate and pressure capacities were limited by the 10 - 50
nm pore size when compared to a macroporous silicon sample with 3 μm pore size as there
was restriction of water ﬂow due to the size of water molecule (∼ 100 nm). From the work
of Chun et al., the electric double layer thickness can be reduced to 3 nm by the addition
of pH buffers like tris-EDTA to the working ﬂuid. Further experiments related to impact
of these solutions on the performance of the porous membrane for EOP application is an
important future study.

In order to obtain the desired ﬂow rates and pressure capacities, it is important
to identify the pore size and membrane thickness that would allow ﬂow of ﬂuid in the
porous channels. Any pore size that is greater than the EDL thickness can offer promising
results. A pore diameter in the range of 300 nm could be ideal for the desired applications.
Challenges related to oxidizing the pores while keeping the membrane integrity need better
understanding of controllability on the pore size. In addition, identifying the appropriate
resistivities for silicon substrates that will produce pore sizes in the 300 nm range after
electrochemical anodization is important and a thorough study is required.

Another approach for achieving a 300 nm pore size channels on a porous silicon
sample may be to deposit materials onto the sidewalls of a 3 μm pore thereby reducing
the pore size. Deposition techniques like electrolytic deposition (electro-deposition) or a
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Figure 5.1: Atomic layer deposition of Al2 O3 ﬁlms in porous silicon done
in collaboration with Dr. Conley at Oregon State University, OR. SEM
image was made by ON Semiconductor in Gresham, Oregon. [Permission
in Appendix].
vapor based deposition technology like ALD (Atomic layer deposition) can be pursued for
depositing a very uniform and conformal coating inside the pores.

Figure 5.1 shows some initial study on depositing Al2 O3 in the pores of porous
silicon which was conducted in collaboration with Dr. John Conley at Oregon State
University, OR [68].
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5.1.2

Flow-Through Measurement - FTSD

An important aspect for the FTSD that pertains to the dynamic measurement of ﬂuorescent
signal for pH measurements. An attempt was made to obtain ﬂuorescence signal from
the FTSD during the pump operation as shown in Fig. 5.2. The data was recorded in the
following manner,

1. The reservoirs were ﬁrst ﬁlled with DI water and a ﬂuorescence reading was taken
with the pump in operation.
2. With the pump still in operation, a couple of drops of buffer solution (pH=8, prepared
by Qili Hu) were introduced into the larger reservoir. Fluorescence readings were
taken after 1 min and 5 min. The pH of the liquid exiting the outlet of the FTSD is
measured using pH paper. After a minute of pumping, the pH remained the same as
DI water. But, after 5 minutes of pumping, pH reading reached a constant value of
pH 8, a ﬂuorescence reading was taken.
3. Again, a buffer solution of pH 5.1 was introduced into the reservoir and a
ﬂuorescence measurement was taken after 5 min. This demonstration of dynamic
measurement of pH needs further study and optimization of the complete testing
system.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.2: A preliminary test sequence for measuring different pH in a
dynamic ﬂow-through ﬂuorescence experiment, a) water exiting the FTSD
during operation, b) FTSD in operation, c) initial pH measurement with a
pH paper, d) buffer solution with pH 8 is introduced, e) A new pH reading
is taken, and f) Another reading taken at a different pH.
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Figure 5.3 (a) shows the complete setup used for dynamic ﬂuorescence
measurements. Figure 5.3 (b) shows some initial ﬂuorescence results as new solutions
with different pH are introduced into the FTSD while the pump is in operation.

(a)

(b)

Figure 5.3: Setup utilized for dynamic ﬂow-through ﬂuorescence
experiments, (a) complete setup for a dynamic ﬂow-through pH sensing,
(b) ﬂuorescence results with different buffer solutions in the dynamic test
setup.
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Some challenges in the FTSD testing can be resolved after addressing the following,

1. Fabrication of uniform, planar, and sturdy mesoporous silica samples are critical in
obtaining reproducible ﬂuorescence results. Most samples that are fabricated are
non-planar as the mesoporous silica sample bows during thermal oxidation as shown
in Fig. 5.4. This bowing introduces a curvature to the sample making it harder for
mounting as well as for obtaining a repeatable signal. Also being very fragile, the
sample breaks easily and handling the sample becomes challenging. Porosifying
larger wafers will result in relatively larger mesoporous silica samples that are easy
to implement. Improvements in ﬁxture design and positioning of the optical elements
in future FTSD conﬁgurations will serve to improve resolution of the measured signal
and reduce the impact of dead volume inside the ﬁxture.
2. Further ﬂuorescence characterization study is required to improve the resolution of
pH measurements.
3. Thorough optical characterization of immobilized dyes on mesoporous silica samples
is important for improving and understanding ﬂow-through sensing.
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Figure 5.4: Bowing of mesoporous silica sample during thermal oxidation.

5.1.3

Silicon Nanorod Fabrication And Applications

Figure 5.5 shows SEM images of silicon nanorods (SiNRs) formed during the
electrochemical anodization of p-type (100) silicon substrates at high current densities.
The electrical, optical and mechanical properties of silicon nanorods and silicon nanowires
could have some interesting applications. On an average, the SiNRs have lengths about
100 - 200 μm and widths varying from 100 - 400 nm.

There is a signiﬁcant research and growing interest in integrating nanostructures for
various applications including thermoelectric, photovoltaic, DNA sensing and high speed
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switching devices [69], [70], [71]. Charge transport by the carriers in nanostructured
materials has importance in nanosystem applications. SiNRs and SiNWs have been studied
to much lesser extent compared to other materials like carbon nanotubes or ZnO nanorods
or nanotubes and this could be attributed to fact that growing silicon nanorods or wires is
not as well understood.

(a)

(b)

(c)

(d)

Figure 5.5: (a) Vertical silicon nanorod at high current density, (b) SiNR as
etched at an angle, (c) SiNRs are drawn together after rinsing due to surface
tension, and (d) silicon nanorod manipulated onto electrical contact pads for
I-V measurements.

During electrochemical anodization the pore walls are formed along the <100>
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direction. The sidewalls of the pore with (100) planes break up at the edge of the pores
that have comparatively high stress resulting in the SiNR proﬁle as seen in the Fig. 5.5 (a).
Figure 5.5 (b) shows the proﬁle of SiNR as etched at an angle. In the Fig. 5.5 (c), SiNRs are
drawn together after rinsing due to surface tension, and Fig. 5.5 (d) shows an SEM image
of silicon nanorod manipulated onto electrical contact pads for I-V measurements.

For speciﬁc device applications, it is important to a have good control over the
physical dimensions of these SiNRs. Applied current density and substrate resistivity are
two important parameters for this control. Substrates with a lower resistivity generate
macro pores with thinner side walls, which effectively increase the total pore area [60].
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Appendix A

Porous Silicon Fabrication

A.1

Introduction

This appendix outlines some of the fabrication processes and mechanisms utilized in
the formation of porous silicon structures. Macroporous silicon which is one of the
most common forms of porous silicon, is explored for p-type (100) silicon substrates
using electrochemical anodization technique. Over the years, signiﬁcant background
research has built an understanding of the many aspects of the formation of porous
semiconductors. These studies include understanding the effects on the pore formation by
varying parameters like the applied current densities, crystal orientation, masking materials,
electrolytic concentration and the impact of doping of the semiconductor substrate. In
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addition, porous silicon’s potential is attributed to its tunable refractive index, ability
to engineer regular trenches, high oxidation rate, low thermal conductivity, and its high
dissolution rate in anisotropic etchants like KOH and TMAH thereby still preserving the
crystalline nature of silicon. A detailed explanation of the formation of porous silicon is
listed elsewhere [72].

A.1.1

Electrochemical Anodization Setup

Galvanostatic setup was employed for all the electrochemical etch experiments conducted
for the fabrication of porous silicon. In this work, A Keithley 2400 source-meter is
utilized to anodically bias the substrate with respect to the electrolyte solution.

In

general, constant current is preferred as it allows better control of both the porosity,
thickness uniformity of the porous region, and a good reproducibility. The electrochemical
anodization conﬁguration is shown in Fig. A.1 (a). As shown in Fig. A.1 (a), the single
cell anodization involves a metal contact to the backside of the sample and is sealed by a
O-ring such that the electrolyte interacts with the sample only from the front side. A top
mesh electrode (Pt) acts as the cathode. The electrochemical ﬁxture is shown in Fig. A.1
(b). A peristaltic pump is utilized for the electrolyte circulation, thereby maintaining the
uniformity of the chemical species in the solution. The porous silicon uniformity can vary
depending on the substrate doping and is more critical in case of highly resistive substrates
which require backside metallic contact.
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(a)

(b)

Figure A.1: (a) schematic of the electrochemical anodization setup, (b)
electrochemical etching ﬁxure utilized for the fabrication of porous silicon
[60].[Permission in Appendix].
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A.1.2

Macroporous Silicon - p (100) Substrates

In general, porous silicon is formed on various silicon substrate types, which include
p-type, p+ , n, and n+ with crystalline orientations primarily in (100) and (111) substrates.
For the fabrication of porous media for the electro-osmotic pump, p type (100) samples
with resistivities of 10 - 20 Ω cm and 20 - 30 Ω cm were electrochemically anodized in an
electrolytic solution consisting of 1:2:3 ratio of 49% HF, ethyl alcohol, and DI (deionized)
water. In order to reduce surface tension and viscosity associated with the electrolyte,
Cetyltrimethylammonium chloride (CTAC) at 10−3 M is added to the solution.

Well-ordered arrays of pores on silicon are fabricated by using a multistage process
ﬂow, which include, thin ﬁlm deposition of masking layers, lithographic patterning of
deﬁned arrays, anisotropic etching of silicon, reactive ion etching and electrochemical
anodization. In order to improve the backside electrical contact between the silicon sample
and metal electrode, wafers are ﬁrst implanted on the backside (unpolished surface) with
boron atoms. After the implantation, a backside drive-in of the dopants is performed using
a thermal annealing step. Table A.1 shows the implantation speciﬁcations for silicon
substrates.

In the case of p-type silicon substrates that are utilized for the fabrication of
highly vertical and uniform pores, lithographically patterned and chemically etched pore
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Table A.1
Boron dopant implantation conditions for improving backside silicon
conductivity- Porous silicon formation.
Species
Boron
Isotope (mass)
Wafer Size (state mm or inch)
4 inch
Substrate Material
Silicon
2
Dose (ions/cm )
1.00 E+15
Energy (keV)
80
Tilt Angle (degree)
7
Photo Resist
NO
initiation sites are preferred and often necessary. These pore initiation sites are typically
the inverted pyramidal pits with sharp tips associated with anisotropic etching of silicon
in a suitable etchant such as potassium hydroxide (KOH). Figure A.2 shows the detailed
process ﬂow considered for the fabrication of porous silicon earlier developed in Dr.
Bergstrom’s group at MTU and has been modiﬁed and further developed in this work.
Some of the modiﬁcations include, design of new masks for lithographic pattern transfer
to substrates, metal masks in addition to dielectric masking materials and new etch recipes
are considered.

In order to selectively fabricate porous silicon in desired regions on the substrate,
dielectric or metal masks are usually necessary. One of the key steps involved in the
fabrication of porous silicon by electrochemical etching is depositing the three primary
masking layers silicon dioxide (SiO2 ), poly silicon (poly-Si), and silicon nitride (Si3 N4 ) on
the mirror polished surface (front side) as shown in the Fig. A.3 (a). After depositing the
masking layers, the wafer will go through a rapid thermal annealing (RTA) step to relieve
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Figure A.2: Process ﬂow for the fabrication of macroporous silicon: (a)
p-type (100) silicon substrate with resistivity of 10 - 20 Ω cm or 17 23 Ω cm, (b) masking stack of SiO2 /Si/Si3 N4 layers deposited using RF
sputtering, (c) lithographically deﬁned 3.5 mm circular opening for porous
silicon formation, (d) transfer of the porous silicon region pattern onto
the Si/Si3 N4 layers by RIE, (e) 2 μm array is patterned on SiO2 using
lithography, (f) transfer the macro pore array pattern into the oxide layer
by BHF etching or by RIE, (g) deposition of SiO2 on the backside of the
sample as mask isolation, (h) formation of inverted pyramidal pits by KOH
etching, (i) formation of macroporous silicon membrane by anodizing with
sacriﬁcial sample [60].[Permission in Appendix].
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any stress present in the masking layers. In general, deposited ﬁlms will have either tensile
or compressive stress depending on the material.

In this study, we have investigated the formation of porous silicon in features with
sizes ranging from 3 - 5 μm in a 3.5 mm diameter regions using chromium (Cr)/gold (Au)
and Si3 N4 masking layers by selectively forming porous silicon on the substrates.

(a)

(b)

Figure A.3: (a) RF-sputter deposited mask stack on a p-type silicon
substrate. Dielectric layers including, SiO2 , poly-si and Si3 N4 are the
standard layers that are considered, and (b) photolithography is used to
deﬁne 3.5 mm circular regions on the mask stack to selectively form porous
silicon.

A.1.3

Photoresist Spinning

The spinning of photoresist is performed on a programmable spinner (Model
WS-650MZ-23NPP/LITE). Depending on the desired feature size to be patterned on the

132

substrate, a speciﬁc photoresist is chosen. The thickness of the photoresist can be controlled
to a certain extent by selecting a speciﬁc rotational speed on the spinner. Typical rotational
speeds used are between 2000 - 3000 r.p.m. (rotations per minute) For selectively anodizing
a pattern (3.5 mm region to be anodized on the silicon substrate with deposited masking
layers) as shown in Fig. A.3 (b), the following steps are required.

The substrate is ﬁrst rinsed in the spinner with IPA (isopropyl alcohol) to remove
any dust or particles present on the substrate’s surface. A prebake step is performed usually
for 5 minutes on a hot plate at 105 ◦ C to remove any moisture or solvents present on the
substrate’s surface. Next, a thin layer of adhesive HMDS (hexamethyl disilazane) is applied
on the substrate. HMDS is an adhesion promoter between the photoresist and substrate,
it reacts with the oxide surface present on the surface of silicon wafer forming a strong
bond. Positive photoresist, Shipley 1817, is spun at 3000 R.P.M on the spinner for a minute
followed by a soft bake. The photoresist spinner utilized is shown in Fig. A.4.

A.1.4

RF-Sputtering: Mask Deposition

An RF sputtering system similar to the one shown in Fig. A.5 is used for the thin ﬁlm
deposition. In general, a radio-frequency (RF) voltage is applied between the anode and
cathode electrodes that causes the free electrons to collide and excite the the gas molecules
present in the chamber resulting in the ionization of the gas resulting in anions, cations, and
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Figure A.4: PR spinner utilized for coating the substrates before
photolithographic process.

neutral species. Argon (Ar) is employed as the working gas for all the thin ﬁlm depositions.
During sputtering, the positive Ar ions (cations) that are created are accelerated towards
the cathode, thereby causing the removal of the target atoms. The cathode usually the
working electrode of material will be deposited onto the substrate, the substrate being
placed on the anode. Relatively high vacuum (10−7 torr) is required to achieve high quality
ﬁlms with minimal defects and good adhesion to substrates. The masking layers or stack
(SiO2 /poly/Si3 N4 ) deposited on silicon have thicknesses of 0.12 μm of SiO2 , 0.2-0.3 μm
of poly-silicon and 0.15 μm of Si3 N4 .
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Figure A.5: Perkin Elmer RF sputtering system employed for depositing
various masking materials including metals and dielectrics.

A.1.5

Photolithography

Using photolithography, an array of 3.5 mm openings is patterned on the mirror-polished
surface as shown in Fig. A.3 (b). Photolithography has been one of the key reasons for the
development of IC technology and further miniaturization of electronic devices. Resolution
of the features and transfer of pattern is dependent on the wavelength of lamp source. In
general, an UV (350 - 450 nm) lamp source is used to project the pattern on a optically
ﬂat silica/Quartz glass photo-mask to a substrate that is coated with a thin layer of light
sensitive material known as photoresist. The photoresist that is used for creating the 3.5
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mm openings is Shipley 1827. UV exposure is performed for 10-12 seconds at 17 W/cm2
(check again) and is developed in the MF319 solution for ∼ 5 minutes. The two primary
types of masks, dark ﬁeld and bright ﬁeld masks similar to the ones shown in Fig. A.7 (a)
and Fig. A.7 (b) are considered for creating the 3.5 mm openings.

It is very important to ensure that all the photoresist is developed and no photoresist
residue is left in the circular opening on the substrate. Photoresist residue in the mask
opening will prevent any dry etching in the subsequent processing.

Figure A.6: EVG 620 photolithographic aligner utilized for pattern transfer
through UV exposure.
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(a)

(b)

Figure A.7: (a) dark ﬁeld mask- shows the circular pattern with ∼14.5 mm
unit cell on a 4 inch mask pattern, (b) bright ﬁeld mask- shows the circular
pattern with ∼14.5 mm unit cell on a 4 inch mask pattern designed using
Cadence.

After transferring the 3.5 mm pattern to the substrate, a RIE step is performed to
etch through the Si3 N4 and poly-silicon ﬁlms using photoresist as a mask. Photoresist is
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Table A.2
Experimental conditions for the 2 μm pattern transfer.
Process Step
Prebake
Spin Resist
Soft bake
Lithography exposure (UV)
Develop
Hard bake

Parameter
140 ◦ C, 2-3 min
3000 r.p.m
120 ◦ C for 1 min
7 sec, hard contact
15-20 Sec
120 ◦ C for 1 min

stripped and the wafer is cleaned in a piranha solution (a mixture of H2 O2 + H2 SO4 ) at 120
◦C

to remove any organic residues. To realize an array of pores, lithographic step is used

to transfer a 2-micron array to the wafer. Since the features are in the μm range, positive
photoresist, Futurrex is used for this step and is developed in RD6. The array as shown
in Fig. A.8 (a) and Fig. A.8 (b) is patterned over the wafer (both the 3.5 mm opening and
the outside regions). The parameters as shown in Table A.2 are considered for the UV
exposure.

(a)

(b)

Figure A.8: (a) photolithographic pattern of 2 μm array used for the
fabrication of porous silicon, (b) FE-SEM image of photolithographic
pattern of 2 μm array on photoresist at high magniﬁcation.
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After patterning the 2-μm array, the next process step involved is to etch through
the 2-micron array on the SiO2 layer in the 3.5 mm opening. This is a critical step as this
etch through the oxide will dictate if the array of pyramidal pits will be formed in the 3.5
mm opening. Any thin layer of photoresist left in the openings that is not developed will
act as a mask and prevents further dry or wet etching of the oxide.

A.1.6

Reactive Ion Etching

After the lithography step, the next process involves transferring the pattern on the
photoresist onto the substrate. This is achieved through dry etching or wet etching. Dry
etching, usually the reactive ion etching is considered due to the ease of handling and
the anisotropy of the proﬁle achieved. Also, issues related to disposal of the chemical
that is involved in wet etch techniques is minimized in the case of dry etching. Also
factors like viscosity and surface tension are reduced in the case of dry etching when
compared to wet etchants which can prevent removal of material in small features. The
important requirement for both wet etching and dry etching includes faithfully reproducing
the patterns on the mask without distorting the features. Under etching, over etching, and
distortion are some of the common problems associated with these etching techniques. In
the case of ion etching, ions are accelerated towards the target (substrate) and physically
bombard the substrate, thereby removing the material. This physical etch has some
advantages as the etch doesn’t result in any volatile products. This may result in slower
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etch rates, hence a more reactive ion etching is desirable where there are two components,
one pertaining to physical and the other to reactivity of the the gases that are used.

Reactive ion etching involves treating the sample in a plasma environment where
reactive gases interact with the substrate both physically and chemically to remove material.
Selective gases are chosen depending upon their reactivity and removal rate of the material
under study. Typical gases that are considered in the silicon micro-fabrication processes
involve ﬂuorine or chlorine components that react with the substrate material. The reactive
components or species of the gases are formed from the interaction of the gas molecules
with the free electrons present in the plasma environment. In our study, typical gases that
are employed include, SF6 , CF4 , O2 , and Ar etc.

(a)

(b)

Figure A.9: a) FE-SEM etch pattern in the 2 μm array formed using Trion
RIE/ICP, (b) etch boundary with inverted pyramidal pits where the outside
region is selectively masked.

Figure A.9 (a) shows the FE-SEM image of the etch pattern in the 2 μm array
formed using Trion RIE-ICP. Figure A.9 (b) shows the etch boundary with inverted
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pyramidal pits where porous silicon is formed with outside region selectively masked.

A.1.7

Inverted Pyramidal Pits: Nucleation Sites

In addition to dry etching techniques, wet etching or wet bulk micromaching is also an
important technique in realizing features in substrates. Exposing areas selectively thereby
removing material with wet etchants is an efﬁcient technique. Depending on the etchant
as well as the crystallographic properties of the material to be etched, interesting patterns
can be designed and fabricated. Appropriate masking materials or etch stops are utilized
during the wet etching process. In general, a well characterized etch study pertaining to the
etching of crystal planes is performed in understanding the etch effects and determining
the etch rates. Usually, selective etchants like potassium hydroxide (KOH) that attacks
the (100) planes much faster than (111) is considered in achieving inverted pyramidal pits.
These (100) planes with more dangling bonds etch faster as the silicon atoms are more
weakly bound to the rest of the lattice. Based on this, the etch rates of the three primary
planes follow (111)  (110) < (100) trend. FESEM images of pore initiation sites or
the inverted pyramidal pits in p (100) silicon are shown in Fig. A.10. Figure A.10 (a)
shows pyramidal pits on a 20-30 Ω-cm substrates, Fig. A.10 (b) shows pyramidal pits on a
10-20 Ω-cm substrate, Fig. A.10 (c) shows incomplete pyramidal pit at high magniﬁcation,
Fig. A.10 (d) shows poor pyramidal formation due to mask failure, Fig. A.10 (e) shows a
cross-sectional view of inverted pyramidal pits, and Fig. A.10 (f) shows half etched KOH
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pits on a p-type (100) silicon substrate.

(a)

(b)

(c)

(d)

(e)

(f)

Figure A.10: (a) pyramidal pits on a 20-30 Ω-cm substrates, (b) pyramidal
pits on a 10-20 Ω-cm substrate, (c) incomplete pyramidal pit at high
magniﬁcation, (d) poor pyramidal formation due to mask failure, (e)
cross-sectional view of inverted pyramidal pit, and (f) half etched KOH pits.

Figure A.11 (a) shows the setup used for performing anisotropic etching of silicon
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for the formation of inverted pyramidal pits. The samples are placed in bath of KOH
solution at 72 ◦ C. Figure A.11 (b) shows a sample with mask peeling which was observed
in the case of dielectric masks.

(a)

(b)

Figure A.11: (a) setup utilized to perform anisotropic etching of silicon
to realize inverted pyramidal pits in a KOH bath, and (b) mask peeling
observed in the case of dielectric mask.

A.2

Introduction to Porous Silicon

In the 1990’s, Canham showed that certain porous silicon based materials can have large
photoluminescence efﬁciency at room temperature in the visible region, a surprising result
since the photoluminescence of bulk silicon is very low due to its indirect band gap and
short radiative life time of charges [20]. Porous silicon has been of great interest because
of its demonstrated application in sensing, photonic systems, and as an enabling technology
for micro-machining [73]. Various techniques have been implemented in the past to
achieve high aspect ratio pores (vias) with small diameters while maintaining a high aspect
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ratio. Some of these techniques include deep reactive ion etching (DRIE), laser Machining
and electro-discharge machining (EDM). However, these techniques are limited by sidewall
scalloping, low aspect ratios, machining tailing or reaction byproducts, and micro cracks
[74]. A detailed explanation of the formation of porous silicon is outlined elsewhere [75].
Porous silicon is classiﬁed according to the pore diameter, which can vary from a few
nanometers to few microns depending on the formation parameters. In general there are
three regimes for porous silicon which they can be classiﬁed as micro porous (few nm),
mesoporous (tens of nm), macroporous (μm).

A.2.1

Porous silicon: Applied Current Density

Figure A.12 shows cross-sectional view of porous silicon formation at different current
densities (Fig. A.12 (a) at 35 mA/cm2 , Fig. A.12 (b) at 40 ma/cm2 , Fig. A.12 (c) at 45
ma/cm2 , and Fig. A.12 at (d) 50 ma/cm2 ). The uniformity and sidewall proﬁle improves
with an increase in current density to a threshold, beyond which electro polishing takes
place.

Selective electrochemical anodization of silicon for the formation of porous silicon
is performed using masking materials like dielectric, metal, and doped or implanted
substrates [74], [76], [77]. Insulating materials like silicon dioxide and silicon nitride are
common masking materials for anodization [46], [78], [79]. Dielectric masking materials
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(a)

(b)

(c)

(d)

Figure A.12: Cross-sectional SEM view of macroporous silicon
electrochemically anodized at current densities (a) 35 mA/cm2 , (b) 40
ma/cm2 , (c) 45 ma/cm2 , and (d) 50 ma/cm2 .
suffer from current crowding effect thereby resulting in a non-uniform porous region near
the mask edge. Metallic masking materials have been recently explored to determine their
impact in porous silicon anodization as they seem to have better control of electric ﬁeld near
and through the mask. Pore growth is controlled in part by the direction of the hole current
in the substrate. The formation of uniform pores along the <100> direction occurs when
positive holes accumulate at the tip of the inverted pyramidal pit due to the reduced radius
of curvature, resulting in the decrease of the space charge region (SCR), hence allowing a
larger hole current to ﬂow, contributing to the pore propagation. The dimension of this tip
must be signiﬁcantly smaller than the surface roughness of walls of the pit to achieve the
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geometrical ﬁeld enhancement at the tip [80], [81]. With a dielectric masking material, the
total current in the substrate is constrained by the opening of the feature area that is exposed
to the electrolyte and results in a higher current density at the edge of the feature compared
to center of the feature opening [78]. This current crowding effect results in undesirable
pores at the edge of opening with pore depths higher than the center of the feature opening.
Silicon nitride masking has the advantage that it is highly resistant to liquid HF etching
compared to a gold mask. Sputter deposited gold is prone to pin hole defects that will
cause undesired pore formation in the masked areas and will result in mask peeling during
the electrochemical anodization experiment.

A.2.2

Thermal Oxidation

Thermal oxidation of both macroporous silicon and mesoporous silicon is performed using
a 2 inch oxidation furnace as shown in Fig. A.13 (a) and Fig. A.13 (b). Macroporous
silicon substrates are oxidized at 1000 ◦ C to grow a thin thermal oxide on the pore walls to
increase the strength of the porous membrane. Mesoporous silica samples are formed by
the thermal oxidation of mesoporous silicon samples.
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(a)

(b)

Figure A.13: (a) setup utilized for the thermal oxidation of porous silicon
samples, (b) quartz tube furnace at 1000 ◦ C.

A.2.3

Rapid Thermal Annealing

Annealing is a heat treatment technique that is widely used for altering the properties
of deposited ﬁlms. Commonly employed to retain the crystallinity of wafers after ion
implantation, relieving stress in thin ﬁlms and dopant activation. Compared to traditional
annealing technique performed at a slow rate, RTA (rapid thermal annealing) is performed
in a short duration, there by altering the properties of a very thin layer or ﬁlm and not
necessarily altering the properties of the actual substrate. In conventional annealing, the
heat treatment is slow with a low ramp rate. In our process, RTA was performed both
for activating the dopants and also for relieving any stress present in the deposited ﬁlms.
Usually for RTA, the system is ramped to 1000 ◦ C in a 30 second interval and then held at
a steady state for 60 second period. The RTA furnace as shown in Fig. A.14 is purged with
N2 during the entire process. After the steady state step, the system is ramped to 100 ◦ C in
another 30 second period.
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Figure A.14: Rapid thermal annealing system.

A.2.4

Through-Wafer Pores- Micro-polishing

Micro-polishing based on chemical mechanical polishing is utilized for polishing the
porous silicon samples using Allied High Tech Products, Inc., CA (USA) at MTU.
Polishing silicon wafers or porous silicon substrates is important for various applications
including reducing the thickness of substrates, to create very smooth surfaces to reduce
roughness, to open up pores from backside as in case of porous silicon. Applications
related to gas diffusion in micro-channels such as fabricated from MEMS technology or a
porous membrane require through pores.

As mentioned earlier, for certain applications its important to have a through-wafer
porous silicon membrane. For the case of p (100) macroporous silicon, especially a sample
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anodized with a dielectric mask results in a membrane that is not uniform as shown in
Fig. A.15. These substrate require either a backside RIE or micropolishing step to open
up the 3.5 mm porous region. Figure A.16 shows the setup and process involved in
micro-polishing where Figure A.16 (a) shows porous silicon sample with polishing chuck,
Fig. A.16 (b) shows porous silicon sample bonded to the chuck, placed on a hot plate,
Figure A.16 (c) shows the Vecco micro polishing machine, and Figure A.16 (d) Sample
polishing condition with water ﬂowing.

Figure A.15: Cross-sectional proﬁle of macroporous silicon with current
crowding effect seen using a dielectric mask stack (silicon nitride, silicon
di-oxide and poly-silicon).

The 3.5 mm region on the back of the sample could also be exposed using RIE
technique. This would require an additional lithography on the backside to create a 3.5 mm
circular opening for material removal. Figure A.17 (a) and Fig. A.17 (b) show the pore
proﬁle of porous silicon formed from the backside etch using RIE. As the etch progresses,
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(a)

(b)

(c)

(d)

Figure A.16: (a) porous silicon sample with polishing chuck, (b) porous
silicon sample bonded to the chuck, placed on a hot plate, (c) Vecco micro
polishing machine, and (d) sample polishing condition with water ﬂowing.
a dark circular pattern on the edge is exposed ﬁrst due to the fact that the pores at edge of
the 3.5 mm porous region are deeper than the ones at the center.

A.2.5

Lift-Off: Cr-Au Mask

This experiment was performed on a p-type (100) 10 - 20 Ω-cm sample and is utilized as
an alternative to wet etching process. A 2 μm array was patterned lithographically in the
3.5 mm region using the new (3.5 mm, 2 μm array mask). Negative photoresist Microchem
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(a)

(b)

Figure A.17: (a) FESEM images of backside of the porous silicon
membrane without pore openings after micro-polishing, and (b) with pore
opening.
NR9G 1000PY was used. A 15 nm Cr and 50 nm Au is sputtered on this array. Lift-Off
is then performed using acetone in an ultrasonic bath. Inverted pyramidal pits are then
formed on this template using KOH solution. The detailed process for lift-off and wet
etching utilized for the formation of 2-μm array using metal mask (Cr-Au) is shown in
Fig. A.18 and the process sequence is listed below.

1. The starting material is a 4" p − type(100) silicon substrate.
2. A photoresist is spun on the substrate typically at 2000 RPM.
3. The photolithography step, UV light is exposed through the desired mask.
4. The substrate is next developed in developer MF319 or RD6.
5. Metal deposition of Cr and Au ﬁlms using sputtering or e-beam deposition. Metal is
deposited all over including on photoresist.
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Figure A.18: A detailed process ﬂow for lift-off technique and wet etching
method utilized for the formation of inverted pyramidal pits on a metal
mask.
6. Lift-Off is performed in an ultrasonic bath containing Acetone.
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The process ﬂow steps are listed below for Fig. A.18 using wet etching technique
method.

1. The starting material is the substrate, a 4" silicon substrate is utilized in this work.
2. Metal deposition of Cr and Au ﬁlms using sputtering or e-beam deposition.
3. A photoresist is spun on the substrate typically at 2000 RPM.
4. The photolithography step, UV light is exposed through the desired mask.
5. The substrate is next developed in developer MF319 or RD6.
6. Cr and Au are etched in Cr and Au etchants.
7. Photoresist is stripped using Acetone.
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(a)

(b)

(c)

(d)

Figure A.19: (a) inverted pyramidal pore array with selective masking
formed by metal lift-off and photolithography, (b) magniﬁed image of
a pyramidal pit, (c) top view of macroporous silicon array, and (d)
cross-sectional view of porous silicon with a metal mask.

The metal mask, with Cr-Au layers (15 nm, 50 nm) had some defect formation
during the ultrasonication, KOH etch, and after electrochemical etching. To get a good
lift off on the 2 μm array with a Cr-Au mask (25 nm, 100 nm), a thicker photoresist
was considered. Spin coating the resist twice will give a thicker resist ﬁlm. Figure A.19
shows SEM images of macroporous silicon formed using a metal mask. Figure A.19 (a)
shows the inverted pyramidal pore array with selective masking formed by metal lift-off
and photolithography, Fig. A.19 (b) shows a magniﬁed image of a pyramidal pit, Fig. A.19
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Figure A.20: 2 μm array of openings formed on Cr-Au mask using
wet etching techniques for the formation of inverted pyramidal pits, the
nucleation sites for the fabrication of porous silicon.
(c) shows a top view of macroporous silicon array, and Fig. A.19 (d) shows cross-sectional
view of porous silicon with a metal mask.

Figure A.20 shows the top view SEM image of 2 μm array of openings on a metal
mask formed using wet etching technique. The pattern of the openings is not as uniform
when compared to a lift-off technique but can provide an alternate approach in realizing
similar features.
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A.3

Pore Size Control: Spherical Polystyrene Beads

From the previous section, inverted pyramidal pits are necessary to control the size of the
porous silicon structures in a p type silicon. Also as observed, there is a limitation on the
smallest pore that can be formed due to the constraints in photolithographic pattern transfer
which is dictated by the wavelength of lamp source. Another interesting technique, also
studied by Zhang et al. [82] involves depositing a monolayer of polystyrene nanosphere
beads onto the silicon substrate using the self organization phenomena to form a very
uniform layer as shown in Fig. A.21. Figure A.21 (a) shows SEM image of un-etched

(a)

(b)

Figure A.21: (a) un-etched polystyrene beads at high magniﬁcation, (b)
un-etched polystyrene beads at low magniﬁcation [Samples provided by Mr.
Einar Haugan, the Institute for Energy Technology (IFE), Norway].

polystyrene beads at high magniﬁcation and Fig. A.21 (b) shows SEM image of un-etched
polystyrene beads at low magniﬁcation. This polystyrene monolayer template has a
potential to be used as a way to fabricate porous silicon with pores in 100’s of nm which
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has interesting applications in an electro-osmotic pump as discussed earlier. The initial size
of the spherical polystyrene beads is 1 μm. Using oxygen plasma, the size of the bead is
reduced to much smaller dimensions as shown in Fig. A.22.

(a)

(b)

(c)

(d)

Figure A.22: March Jupiter etch pattern of polystyrene beads as a function
of etch time in oxygen plasma. (a) one minute, (b) two minute, (c) three
minute, and (d) four minute.

The following etch parameters are considered for controlling the diameters of the
polystyrene beads, RIE: 100 W, O2 : 50 SCCM, Pressure: 0.135 T. The measured etch rates
are, for 1 min etch: BD (Bead Diameter) ∼ 820 nm, 2 min etch: BD ∼ 630 nm, 3 min etch:
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Figure A.23: Etch rate of polystyrene diameter as a function of etch time
in oxygen plasma.
BD ∼ 400 nm, 4 min etch: BD ∼ 350 nm, and un-etched Beads: BD ∼ 1000 nm. Plot in
Fig. A.23 shows the reduction in bead size as a function of time in O2 plasma. From the
above data and plot, it is evident that the size of the polystyrene beads can be controlled to a
a great degree and has the potential to reduce the pore size of the porous silicon structures.

A.4

Summary

Various micro-fabrication processes that are implemented for the fabrication of porous
silicon from p-type (100) silicon wafers are presented. Electrochemical anodization of
silicon results in the formation of porous silicon. Porous silicon with highly vertical
and uniform pores for EOP application is fabricated with pre-structuring silicon with
inverted pyramidal pits. Other techniques including, thin ﬁlm deposition, photolithography,
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RIE and wet etching are presented. Effects of utilizing both dielectric and metal masks
for anodization of silicon is studied. Other potential methods including using spherical
polystyrene beads as template to create porous silicon structures in the 100’s of nanometers
is studied and some characterization involving reduction of size of polystyrene beads is
performed.
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